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METHOD FOR QUANTIFYING PROTEINS
AND ISOFORMS THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. National Stage Application
under 35 U.S.C. §371 of PCT/US2013/041651 filed on May
17, 2013, and published on Nov. 21, 2013 as WO 2013/
173756, which claims benefit of the priority filing date of
U.S. patent application Ser. N0.61/649,118, filed May 18,
2012, the contents of which are specifically incorporated
herein by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support by the
National Institutes of Health, grant no. P20RR016471 and
by the National Institute of General Medical Sciences, grant
no. P20 GM103442. The government has certain rights in
the invention.

BACKGROUND

Disease prognosis is related to early and accurate diag-
nosis. For example, the outcome of cancer and exposure to
toxins such as heavy metals can be ameliorated by early
detection. Diagnosis of many diseases, including many
cancers, relies on expensive magnetic resonance imaging
(MRI) and computed tomography (CT) scans, and definitive
diagnoses often require invasive biopsy of tissue.

More accurate tests can facilitate early detection of dis-
ease, aid physicians in therapeutic decision-making, avoid
disease progression, be utilized as a potential prognostic
marker for patient outcome and lower treatment costs.

SUMMARY

As described herein, the quantities of metallothionein
protein isomers in test samples are diagnostic of various
diseases, including diseases relating to heavy metal expo-
sure and cancer. However, some metallothionein isomers
may be of more diagnostic value than others. Methods are
currently available for distinguishing at least some metallo-
thionein isomers by detection of mRNA expression. How-
ever, as shown herein, the mRNA levels of metallothionein
isomers do not necessarily correlate with the amount of
metallothionein protein actually present in cells. Thus, met-
allothionein mRNA levels are not a reliable indicator of the
physiological role of metallothioneins in healthy and dis-
eased tissues. Current methods for detecting metallothionein
protein levels lack the specificity to distinguish the majority
of human isoforms, in part because the sequences of the
isomers are so similar. Moreover, the amounts of metallo-
thionein isomers are relatively low in most biological
samples, and the presence of metallothionein peptides is
often masked by the presence of peptides from more abun-
dant proteins. Furthermore, metallothioneins are particularly
sensitive to oxidization. Therefore, processes to enrich met-
allothionein peptides and strategies to reduce adventitious
mass-changing oxidization are needed to allow reliable
detection and quantification of metallothionein (e.g., by
mass spectroscopy). The methods described herein solve
these problems and provide reliable means for, either indi-
vidually or simultaneously, distinguishing and quantifying
the various metallothionein isoforms.
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As described herein, each human metallothionein protein
isoform can be processed to generate a unique, acetylated
N-terminal tryptic peptide that can be identified, detected
and quantified by mass spectroscopy. Each metallothionein
isomer can therefore be distinguished from other metallo-
thionein isoforms by the mass of its cysteine-rich, hydro-
philic N-terminal peptide.

Detection of the amounts and types of metallothionein
protein isomers can facilitate early detection of disease, aid
physicians in therapeutic decision-making, avoid disease
progression, be utilized as potential prognostic markers for
patient outcome, and lower treatment costs.

DESCRIPTION OF THE FIGURES

FIG. 1A-1D show MALDI-TOF/TOF mass spectra of
light and heavy labeled acetylated N-terminal tryptic met-
allothionein peptides in the cytosol of human kidney epi-
thelial HK-2 cells containing a stably transfected human
MT-3 expression cassette, as well as the sequences of the
peptides. FIG. 1A shows a mass spectrum of equal concen-
trations of Cd-induced cytosol that were each labeled with
either light or heavy iodoacetamide. There is a 5 Da mass
shift from the light (grey) MT-2 monoisotopic peak (m/z
2250.7) to the heavy (black) MT-2 monoisotopic peak (m/z
2255.7). FIG. 1B illustrates a strong 1:1 correlation of
retention time vs. monoisotopic peak intensity for light
(grey) and heavy (black) acetylated N-terminal tryptic MT-2
peptides after correction of light-labeled peptide isotopic
contribution (67 isotopic peak) to heavy-labeled peptide
monoisotopic peak. FIG. 1C shows a 3-D LC-MS heat map
of the light (grey) and heavy (black)-labeled acetylated
N-terminal tryptic metallothionein peptides detected in the
Cd-induced HK-2 MT-3 cytosol showing an equal 1:1
labeling. FIG. 1D shows an amino acid sequence alignment
of human metallothionein isoforms. Residues that differ
from the consensus sequence are highlighted in grey. Aster-
isks indicate invariant residues among MT1 and MT2 iso-
forms. All proteins are shown with N-terminal acetylation.
The MT1A peptide (P04731) has SEQ ID NO:30. The
MTIL peptide (Q93083) has SEQ ID NO:31. The MTI1E
peptide (P04732) has SEQ ID NO:32. The MT1G peptide
(P13640-1) has SEQ ID NO:33. The MTIG peptide
(P13640-2) has SEQ ID NO:34. The MTIF peptide
(P04733) has SEQ ID NO:35. The MT2 peptide (P02795)
has SEQ ID NO:36. The MT1H peptide (P80294) has SEQ
ID NO:37. The MT1X peptide (P80297) has SEQ ID NO:38.
The MTI1B peptide (P07438) has SEQ ID NO:39. The
MTIM peptide (Q8N339) has SEQ ID NO:40. The MT3
peptide has SEQ ID NO:41, while the MT4 peptide has SEQ
ID NO: 42.

FIG. 2 illustrates the sensitivity and dynamic range of the
relative quantitation of MT-2. A serial dilution of the light
labeled MT-2 peptide was performed while constant levels
ot heavy-labeled MT-2 peptide were maintained to show the
detection limits of the metallothionein quantitation assay.
Two orders of magnitude were achieved. Dilution series
consisted of: 1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128.

FIG. 3A-3B illustrates induction of metallothioneins in
HK-2 MT-3 cells after three days of exposure to 9 uM Cd
treatment. FIG. 3A shows a three-dimensional LC-MS heat
map of light-(control) and heavy-(Cd-induced) labeled MT
isoforms in the HK-2 MT-3 lysates. Grey cones display
isoform levels in control while black cones display isoform
levels in Cd-induced cells. FIG. 3B graphically illustrates
relative fold induction calculated from the average monoiso-
topic peak intensities of light-labeled (control) to heavy-



US 9,470,693 B2

3

labeled (Cd-induced) acetylated N-terminal tryptic metallo-
thionein peptides. Relative data show represent biological
replicates where n=3. Error bars indicate the standard devia-
tion around the mean.

FIG. 4A-4B graphically illustrate the absolute levels of
metallothionein protein and mRNA transcript levels three
days after treatment of HK-2 MT-3 cells with 9 uM Cd. FIG.
4A graphically illustrates absolute metallothionein protein
expression in 300 pg control (grey) and Cd-induced (black)
HK-2 MT-3 cytosol. Absolute protein levels were calculated
from the average monoisotopic peak intensities of light-
labeled (control or Cd-induced cytosol) to heavy-labeled
acetylated N-terminal tryptic metallothionein standard pep-
tides (~145 pmol/metallothionein isoform). FIG. 4B graphi-
cally illustrates absolute mRNA transcripts normalized to
18S rRNA from control (grey) and Cd-induced (black) cells.
Protein and mRNA data represent biological replicates
where n=3. Error bars indicate the standard deviation around
the mean. A two-way ANOVA followed with a Bonferroni
posttest was run on all data sets. A (no detection). * P<0.01.

FIG. 5A-5B illustrates absolute protein and mRNA tran-
script levels of metallothioneins in malignant and non-
malignant breast cells. FIG. 5A shows the absolute metal-
lothionein protein expression in 300 pg control (grey
hatched), estrogen receptor” (ER*; solid grey), and estrogen
receptor- (ER™; black) breast cell cytosol. Absolute protein
levels were calculated from the average monoisotopic peak
intensity ratios of light-labeled (cytosol) to heavy-labeled
acetylated N-terminal tryptic metallothionein standard pep-
tides (~100 pmol/metallothionein isoform). FIG. 5B shows
the absolute mRNA transcripts normalized to 18S rRNA
from control, ER* (grey), and ER™ (black) breast cells.
Protein and mRNA data represents biological replicates
where n=3. Error bars indicate the standard deviation around
the mean. A two-way ANOVA followed with a Bonferroni
posttest was run on all data sets. Significance was based on
variation from control (MCF-10A). The symbol A means no
detection was detected. The symbol * means P<0.05.

FIG. 6A-6B show a mass spectrum (MSMS; FIG. 6A) and
a chart (FIG. 6B) summarizing mass spectral data for the
synthesized human metallothionein-1H (MT-1H) peptide
labeled with >N and having SEQ ID NO:24.

FIG. 7A-7B show a mass spectrum (MSMS; FIG. 7A) and
a chart (FIG. 7B) summarizing mass spectral data for the
synthesized human metallothionein-1B (MT-1B) peptide
labeled with **N and having SEQ ID NO:19.

FIG. 8A-8B show a mass spectrum (MSMS; FIG. 8A) and
a chart (FIG. 8B) summarizing mass spectral data for the
synthesized human metallothionein-1M (MT-1M) peptide
labeled with >N and having SEQ ID NO:26.

FIG. 9A-9B show a mass spectrum (MSMS; FIG. 9A) and
a chart (FIG. 9B) summarizing mass spectral data for the
synthesized human metallothionein-1E (MT-1E) peptide
labeled with >N and having SEQ ID NO:20.

FIG. 10A-10B show a mass spectrum (MSMS; FIG. 10A)
and a chart (FIG. 10B) summarizing mass spectral data for
the synthesized human metallothionein-1F (MT-1F) peptide
labeled with **N and having SEQ ID NO:21.

FIG. 11A-11B show a mass spectrum (MSMS; FIG. 11A)
and a chart (FIG. 11B) summarizing mass spectral data for
the synthesized human metallothionein-1F (MT-1L) peptide
labeled with **N and having SEQ ID NO:25.

FIG. 12A-12B show a mass spectrum (MSMS; FIG. 12A)
and a chart (FIG. 12B) summarizing mass spectral data for
the synthesized human metallothionein-3 (MT-3) peptide
labeled with >N and having SEQ ID NO:29.
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FIG. 13A-13B show a mass spectrum (MSMS; FIG. 13A)
and a chart (FIG. 13B) summarizing mass spectral data for
the synthesized human metallothionein-1G2 (MT-1G2) pep-
tide labeled with N and having SEQ ID NO:23.

FIG. 14A-14B show a mass spectrum (MSMS; FIG. 14A)
and a chart (FIG. 14B) summarizing mass spectral data for
the synthesized human metallothionein-1G2 (MT-1A) pep-
tide labeled with "N and having SEQ ID NO:18.

FIG. 15A-15B show a mass spectrum (MSMS; FIG. 15A)
and a chart (FIG. 15B) summarizing mass spectral data for
the synthesized human metallothionein-1X (MT-1X) pep-
tide labeled with **N and having SEQ ID NO:27.

FIG. 16 A-16B show a mass spectrum (MSMS; FIG. 16A)
and a chart (FIG. 16B) summarizing mass spectral data for
the synthesized human metallothionein-2 (MT-2) peptide
labeled with >N and having SEQ ID NO:28.

FIG. 17A-17B show a mass spectrum (MSMS; FIG. 17A)
and a chart (FIG. 17B) summarizing mass spectral data for
the unlabeled endogenous human metallothionein-1E (MT-
1E) peptide that has SEQ ID NO:20.

FIG. 18A-18B show a mass spectrum (MSMS; FIG. 18A)
and a chart (FIG. 18B) summarizing mass spectral data for
the unlabeled endogenous human metallothionein-1E (MT-
1M) peptide that has SEQ ID NO:26.

FIG. 19A-19B show a mass spectrum (MSMS; FIG. 19A)
and a chart (FIG. 19B) summarizing mass spectral data for
the unlabeled endogenous human metallothionein-3 (MT-3)
peptide that has SEQ ID NO:29.

FIG. 20A-20B show a mass spectrum (MSMS; FIG. 20A)
and a chart (FIG. 20B) summarizing mass spectral data for
the unlabeled endogenous human metallothionein-1G2
(MT-1G2) peptide that has SEQ ID NO:23.

FIG. 21A-21B show a mass spectrum (MSMS; FIG. 21A)
and a chart (FIG. 21B) summarizing mass spectral data for
the unlabeled endogenous human metallothionein-1X (MT-
1X) peptide that has SEQ ID NO:27.

FIG. 22A-22B show a mass spectrum (MSMS; FIG. 22A)
and a chart (FIG. 22B) summarizing mass spectral data for
the unlabeled endogenous human metallothionein-1F (MT-
1F) peptide that has SEQ ID NO:21.

FIG. 23 A-23B show a mass spectrum (MSMS; FIG. 23A)
and a chart (FIG. 23B) summarizing mass spectral data for
the unlabeled endogenous human metallothionein-2 (MT-2)
peptide that has SEQ ID NO:28.

FIG. 24 illustrates optimized strong cation exchange
(SCX) chromatography of tryptic digested cytosolic lysate
with ~100 pmol/isoform pure acetylated N-term metalloth-
ionein peptide standards added. Fractions two and three
(7-21 minutes) contain the acetylated N-term tryptic metal-
lothionein peptides along with other non-metallothionein 0
and +1 charged peptides. The dashed grey line indicates
NaCl gradient. The black line indicates the point of the
tryptic peptide absorbance at 214 nm. The acetylated N-term
metallothionein peptides elute with ~20-25 mM NacCl.

DETAILED DESCRIPTION

As described herein, each metallothionein protein isomer
in a sample of interest can be separately detected and
quantified. The methods described herein overcome the
problems of currently available procedures, which cannot
identify and quantify all the different isomers of metalloth-
ionein, or which rely upon unreliable mRNA quantification
procedures. As shown herein, the level of metallothionein
isomer mRNA does not necessarily accurately reflect the
protein level of the corresponding metallothionein isomer.
Accordingly, the methods described herein are uniquely
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suited for detection and quantification of metallothionein
protein isomer levels, and for correlating isomer levels with
disease states.

The methods for detecting and/or quantifying metalloth-
ionein isomer protein levels generally involve protein dena-
turation, reduction, alkylation, labeling, protease digestion,
peptide separation, metallothionein peptide enrichment,
quantitative mass spectrometry and combinations of such
steps. These steps are described in more detail below.
Samples

Various samples can be evaluated using the methods
described herein. The samples can be from any prokaryotic
or eukaryotic species. In some instances, the samples are
from a mammalian species such as a domesticated animal
species, a Zoo animal species, a primate species, or a human.

The samples can be tissue samples, cell samples, biologi-
cal fluids, tissue biopsies, cultured cells, and combinations
thereof. For example, the samples can include biological
materials such as whole blood, bone marrow, blood serum,
blood plasma, bufty coat preparations, saliva, cerebrospinal
fluid, cellular cytosol, urine, sweat, tears, feces, saliva,
seminal plasma, nipple aspirate fluid, nipple discharge,
pancreatic juice and combinations thereof. The samples can
be fresh, fixed (e.g., formalin-fixed), frozen (e.g., at —=80° C.)
and/or lyophilized samples.

Cells in the samples can be dispersed and disrupted prior
to facilitate further processing. Tissues can be minced,
crushed, sonicated or otherwise fragmented to release cells.
The samples can be dispersed into solutions that contain
antioxidants, chelators and/or protease inhibitors to avoid
protein oxidation and/or degradation. Solutions can contain
a buffer. Examples of solutions include Tris-buffered saline
(e.g., 50 mM Tris-HCI, 150 mM NaCl, pH 8.0), phosphate-
buffered saline (e.g., 50 mM sodium phosphate, 150 mM
NaCl, pH 8.0), REACT6™ buffer solution obtained from
Bethesda Research Labs (50 mM Tris-HCI, pH 7.1, 50 mM
NaCl, 50 mM KCl, 6 mM MgCl,), sodium phosphate
solution (pH 5.0 to 12.0), and other solutions. Chelating
agents that can be employed include diethylenetriaminepen-
taacetic acid (DTPA), ethylene-diaminetetraacetic acid
(EDTA), ethylene glycol tetraacetic acid (EGTA) and the
like. The solution can contain a detergent such as 0.1-1.0 vol
% RapiGest, deoxycholic acid, Tween 20, or Nonidet p-40.
In some cases, the detergent can be about 0.5% RapiGest or
deoxycholic acid. The solutions can be kept cold (e.g., 2-10°
C.) to reduce protease activity.

The solutions can contain agents that facilitate lysis of
cells. For example, the solution can also be hypotonic to
facilitate release of proteins from the cells. The solution can
contain a detergent such as 0.1 to 1.0% by volume RapiGest,
deoxycholic acid, Tween 20, sodium dodecyl sulfate, and/or
Nonidet p-40. In some cases, the detergent can be about
0.5% RapiGest or deoxycholic acid. The cells can be dis-
rupted by shear force, detergents, freezing and thawing and
other available procedures. For example, the cells can be
lysed by passage through a needle one or more times. The
lysed cellular materials can be evaluated immediately or
stored (e.g., at —=80° C.) for later evaluation.

Protein Denaturation

The proteins in the samples can be denatured in the
presence of a denaturant for a time and at a temperature
sufficient to denature substantially all the proteins in the
sample. Useful denaturants include chaotropic substances
such as guanidinium salts, urea, ammonium, cesium,
rubidium, potassium, or iodide salts. For example, the
denaturant can be urea, guanidinium chloride, lithium per-
chlorate and the like.
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Urea can be used at concentrations of about 6-8 mole/liter
as a denaturant. Guanidinium chloride can be used at con-
centrations of about 6 mole/liter as a denaturant. Lithium
perchlorate can be used at concentrations of about 4.5
mole/liter as a denaturant.

The samples are mixed with the denaturing agent(s) at an
appropriate temperature and for an appropriate time. For
example, denaturation can be performed at temperatures of
about 2° C. to about 65° C. In some cases, denaturation can
be performed at temperatures of about 4° C. to about 25° C.
Denaturation is often complete within about 30 minutes-
three hours of mixing with the denaturing agent. In many
cases, denaturation is substantially complete within about
one hour.

Reduction

The sample can be mixed with a reducing agent to
stabilize free sulthydryls of cysteines, minimize oxidation,
and reduce disulfide bonds in peptides and proteins.
Examples of reducing agent that can be used include dith-
iothreitol (DTT), 2-mercaptoethanol, Tris(2-carboxyethyl)
phosphine (TCEP) and the like. Such reducing agent can be
used at concentrations of about 0.1 mM to about 20 mM. In
some cases concentrations of about 1 mM to about 10 mM,
or about 2 mM to 7 mM are employed. Reduction can be
performed at temperatures of about 4° C. to about 25° C.
Reduction is typically complete within about 30 minutes to
3 hours of exposure to the reducing agent.

Alkylation and/or Labeling

The sulthydryl groups on the metallothionein cysteine
residues can be alkylated to prevent disulfide bond forma-
tion, which can complicate separation, identification and
quantification of metallothionein isomers. Such alkylation
can be performed with available alkylating agents such as
iodoacetamide or iodoacetic acid. lodoacetamide links a
carbamidomethyl group to the sulfur atom on a cysteine:

N _
\I(\I R —
0
N
ﬁ‘/\s /\Cys

e}

The metallothioneins can also be labeled to facilitate
detection and/or quantification. As described herein, metal-
lothioneins are cleaved to generate unique isomeric peptides
that can be more readily manipulated (e.g. separated from
other peptides), detected and quantified. The N-terminal
regions of metallothioneins have greater amino acid
sequence diversity than their C-termini (FIG. 1D). Hence,
labeling metallothioneins somewhere in the N-terminal
region facilitates generation of labeled isomeric peptides
(after protease cleavage) that are unique and can be distin-
guished from each other.

Any means of labeling the metallothioneins can be
employed so long as each metallothionein isomer, or a
peptide therefrom, can be distinguished from the other
metallothionein isomers and peptide therefrom. For
example, the N-terminus or selected amino acid side chain
moieties can be linked to a label. Metallothioneins also have
about twenty cysteines, which for such small proteins is a
high proportion of sulthydryl-containing amino acids. These
cysteines provide a convenient target for attachment of
labels so that unique peptides from the various metalloth-
ionein isoforms can be distinguished from each other as well
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as from other peptides of about the same size. For example,
the label can be attached to the metallothioneins during
alkylation, acetylation, or other modification of cysteine
residues.

In general, labels are used that do not negatively impact
separation and/or detection of unique isomeric peptides
generated upon cleavage of the metallothionein isomer.
Labels that do not significantly change the molecular weight
or size of such isomeric peptides are convenient for this
purpose. For example, a label can be used that shifts the
mass of the isomeric peptides by about 1 to about 20 Daltons
per cysteine residue, for example, resulting in mass shifts of
5 to 100 Daltons for a peptide with five cysteines. Examples
of labels that can be used include stable isotopes such as *>C,
15N, or deuterium.

Alkylation with '°N (heavy) iodoacetamide, for example,
provides a shift in mass of 1 Dalton per cysteine, or about
20 Daltons for an intact labeled metallothionein. An iso-
meric peptide cleaved from such a labeled metallothionein
isomer could have a mass shift of less than 20 Daltons if
cleavage removes one or more cysteines from the protein. As
shown herein cleavage with trypsin generates isomeric pep-
tides with SEQ ID NOs:18-29, which have five cysteines.
Accordingly, when such tryptic peptides have been labeled
with an isotope such as '°N, the labeled peptides will all
have masses that are 5 daltons greater than the same peptides
that have '*N instead. This 5 Dalton mass shift is sufficient
for detection by mass spectroscopy. Moreover, very few
peptides in the size range of trypsin-cleaved metallothionein
peptides will exhibit a 5 Dalton shift in mass when labeled
during alkylation with a stable isotope such as >N, because
very few peptides in that size range have five cysteines.
Therefore, the labeled metallothionein peptides can be iden-
tified, detected and traced during various manipulations
even when other peptide impurities are present.
Endopeptidase Digestion

Metallothionein isomers can be cleaved to generate
unique isomeric peptides that can be more readily manipu-
lated, detected and/or quantified. A variety of endopepti-
dases can be used to generate isomeric peptides of a con-
venient size. For example, the endopeptidase can be trypsin,
Lys-C, Lys-N, Glu-C, chymotrypsin, pepsin, thermolysin,
papain, Arg-C, Asp-N or chemical cleavage with cyanogen
bromide.

Trypsin is an excellent choice for generating isomeric
metallothionein peptides that can be simultaneously identi-
fied and quantified. Trypsin generates peptides with SEQ ID
NOs: 18-29. Lys-C, another commonly used enzyme, will
give identical results. Lys-N will generate a similar comple-
ment of N-terminal peptides, but the resulting peptide will
lack an amino group that thus will eliminate a positive
charge, which will impair the ionization potential of the
Lys-N peptide. Glu-C could be used to generate a full
complement of unique N-terminal peptides for all metallo-
thioneins. However, if Glu-C is used, all metallothionein
isomers may not be readily analyzed and/or quantified, or
other aspects of the analytic process may need modification.
Enzymatic cleavage with Arg-C or Asp-N, or chemical
cleavage with cyanogen bromide would not yield peptides
that can be readily analyzed and/or quantified. The process
described herein may also need some modification if other
proteases with broader specificity such as chymotrypsin,
thermolysin, or pepsin are used. The MT-4 N-terminal
peptide is not readily identified when trypsin or Glu-C is
used for cleavage because of the proximity of an Arg and a
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Glu residue to the N-terminus. Detection of this last isoform,
however, is possible with Lys-C (unique MH1+monoiso-
topic mass of 2536.9 m/z).

A summary of the impact of using various peptidases for
cleavage of metallothionein isomers is provided in the
following table.

Potential Utility of Enzymes for

Cleavage of Some Metallothioneins
Unique acetyl N-term  SCX chromato-

enzyme or peptide detection graphic ionization
chemical MT1/2¢ MT3 MT4 properties potential
trypsin yes yes no weak average
Lys-C yes yes yes  weak average
Lys-N yes yes yes  weak weak
Glu-C yes® no no strong strong
Arg-C no no no
Asp-N no no no
CN Br no no no
pepsin no no no
chymotrypsin no no no
thermolysin no no no

proteinase K no no no

“Each MT1/2 isoform has an N-terminal peptide distinguished from all others by their

i?}alsus-lC digestion of MT-1H will generate an N-terminal peptide that is half the mass ofall
other MT1/2 peptides.

Therefore different peptidases can be used to generate
metallothionein isomeric peptides that can be detected,
separated and/or quantified. However, trypsin, Glu-C, Lys-C
or Lys-N may be more useful.

Separation and/or Enrichment

After cleavage the metallothionein peptides can be sepa-
rated by a variety of procedures. For example, the peptides
can be separated and/or purified by chromatographic or
electrophoretic procedures. Examples of useful processes
for separation, purification and/or enrichment of metalloth-
ionein peptides include liquid chromatographic procedures
such as high pressure liquid chromatography (HPLC), gel
filtration, ion exchange, affinity chromatography, hydropho-
bic interaction chromatography, reverse phase chromatog-
raphy and the like.

Unlike most peptides, which tend to be hydrophobic,
metallothionein peptides are hydrophilic. For example,
while most trypsin-cleaved peptides will be retained by a
reversed-phase chromatography column, the hydrophilic
metallothionein peptides will be only weakly retained and
can be eluted before most peptide impurities. The hydro-
phobic peptide impurities will generally be retained by the
reverse phase matrix. For example, the hydrophilic metal-
lothionein peptides will be eluted early when an increasingly
hydrophobic gradient of solvents is used for elution, while
the hydrophobic peptide impurities are retained and later
eluted. Thus, reverse phase chromatography can be used to
enrich the concentration of metallothionein N-terminal pep-
tides within a peptide pool.

Acetylated metallothionein N-terminal peptides also have
a net charge of +1 at acidic pH, while most other tryptic
peptides typically have higher charge densities. These dif-
ferences can also be used to remove of impurities from a
peptide pool that includes metallothionein peptides by ion
exchange chromatography. For example, the more weakly
retained acetylated metallothionein peptides can be eluted
from a matrix of a strong cation exchange chromatography
column, while the of non-metallothionein bulk peptides are
retained.
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Useful methods of separating the peptides from impurities
(and thereby generating an enriched pool of metallothionein
peptides) include Strong Cation Exchange (SCX) chroma-
tography and/or reversed phase HPLC. For example, the
peptides can be applied to the SCX column under acidic
conditions and eluted by a gradient containing salt and
acetonitrile. Peptide separation can be enhanced by further
purification via reversed phase HLPC.

Quantification

Quantification can be by mass spectroscopic detection of
the average monoisotopic peak height ratio between unla-
beled and labeled peptide samples. Relative expression of
metallothionein isomers can be determined by comparing
the amount of unlabeled (e.g., *N— alkylated, or light)
metallothionein peptide isomers in sample with the amount
of labeled (e.g., **N-alkylated, or heavy) metallothionein
peptide isomers in a sample. Alternatively, for example, two
different labels can be used for different fractions (e.g.,
differently manipulated fractions) of a test sample for evalu-
ating relative expression of one or more metallothionein
isomers. Absolute quantification can be assessed, for
example, by mixing a known amount of a labeled reference
or standard peptide with a sample and determining the
quantity of metallothionein isoform(s) in the sample relative
to the known amount of reference peptide. Thus, both
relative and absolute quantification of metallothionein iso-
forms can be determined.

The reference or standard peptide(s) can be one or more
metallothionein peptides with a known selected sequence.
Each reference or standard peptide can be synthesized,
labeled (e.g., with stable isotope-labeled iodoacetamide),
and re-purified via an analytical C18 column. The absolute
concentration of the reference peptide(s) can be determined
using elemental analysis. A known amount of labeled (e.g.,
15N) reference peptide can be added as a standard to an
unlabeled (or alternatively labeled) sample in which the
metallothionein isomer content is to be analyzed. The unla-
beled (e.g., *N) or alternatively labeled metallothionein
peptides in the sample can be detected mass spectrometry
and their peak heights or areas are compared to the standard
reference peak height to determine the absolute amount of
unlabeled or alternatively labeled metallothionein peptides
of interest in the sample. More than one reference peptide
can be employed, for example, to control for peptide-
specific differences in processing, detection, and quantifica-
tion. For example, when quantification of MT-1E is desired,
the reference peptide can be a labeled (e.g., **N-labeled)
MT-1E peptide of the same sequence as the unlabeled (e.g.,
“N) or alternatively labeled MT-1E peptide that is of
interest and that may be present in a test sample. Similarly,
when quantification of any of the other metallothionein
isoforms is of interest, the reference peptide (e.g., '°N-
labeled) can be a peptide corresponding to the metallothio-
nein isomeric peptide of interest, where the reference pep-
tide has a known concentration and is detectable by some
means (e.g., ’N-labeling).

Relative quantification of peptides in a test sample can be
determined by comparing control and test samples of the
same materials, where the test sample has been manipulated
in some way (e.g., by induction of genes of interest, by
introduction of a compound or substance that may stress
cells in the test sample, etc.). Thus, the control can be a
reserved aliquot of tissues or cells from which the peptides
of interest are unlabeled (e.g., *N) or labeled differently
from the test sample. A test sample of the same tissues or
cells is experimentally manipulated, and the concentration
or amount of the alternatively labeled (e.g., °N) peptide(s)
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of interest in the test sample is compared to the concentra-
tion or amount of unlabeled (e.g., *N) or alternatively
labeled control sample peptides via mass spectrometry.
Thus, either of the control or test sample isomeric peptides
can be labeled, or unlabeled, so long as the different peptides
in each sample can be detected and distinguished.

Relative quantification is useful for simultaneously com-
paring fold inductions of metallothionein isoforms from two
directly comparable samples. Absolute quantification is ben-
eficial when, for example, absolute numbers are needed for
disease diagnostic purposes or when a suitable control
sample is not available.

General Description of Experimental Results

For example, a human prostate epithelium derived cell
line (RWPE-1) was used in an experiment. The cell line had
been treated with or without 75 uM Zn. When these cells are
treated with 75 uM Zn there is high induction of metallo-
thioneins. These cells were grown, harvested, and cytosolic
protein was extracted. The cytosolic protein was denatured
with urea, reduced with TCEP, alkylated with iodoacet-
amide, and digested with trypsin. The resulting cytosolic
peptides were then separated and enriched through the
methods described herein. This provided adequate enrich-
ment and allowed for identification of the different metal-
lothionein isomers using a MALDI-TOF/TOF mass spec-
trometer.

This technique was then applied to the human kidney
epithelium cell line (HK-215 MT-3) where an MT-3 expres-
sion cassette has been stably transfected into the cell line.
Stock cultures of the HK-2 cell line were grown in 75 cm?
T-flasks using a serum-free growth formulation. The growth
formulation consisted of a 1:1 mixture of Dulbecco’s modi-
fied Eagles’ medium (DMEM) and Ham’s F-12 growth
medium supplemented with selenium (5 ng/ml), insulin (5
pg/ml), transferrin (5 pg/ml), hydrocortisone (36 ng/ml),
triiodothyronine (4 pg/ml) and epidermal growth factor (10
ng/ml). Cultures were incubated at 37° C. in a humidified
atmosphere containing 5% CO,. The cells were fed fresh
growth medium every other day and were subcultured at
confluence (normally 3-6 days post subculture) using
trypsin-EDTA (0.05%-0.02%). Cells were sub-cultured at a
1:4 ratio, and allowed to reach confluence (6-9 days follow-
ing sub-culture), then used in experiments.

The HK2-MT3 stably transfected cells were allowed to
reach confluence with doming After cells domed they were
either exposed to 9 pM CdCl, containing media (induced) or
fed fresh media without CdCl, (controls). Cells that were
treated with CdCl, were exposed for 3 days, with feeding
every other day, and harvested. The controls were fed fresh
media without CdCl, for 3 days then harvested. Cell pellets
were either frozen immediately at -80° C. or used for
analysis.

For the isolation of protein, the cell monolayers from two
T-75 flasks were washed three times with phosphate-buft-
ered saline (PBS), detached from the growth surface by
scrapping, and collected as a pellet by centrifugation at 2000
rpm for 5 min at 4° C. The cell pellet was resuspended in 0.6
mL of hypotonic buffer (10 mM Tris pH 8.0, 1.5 mM MgCl,,
10 mM KCl, 1 mM DTT, and 0.6 pl protease inhibitor
cocktail). The cells were then passed through a 25 gaugex%4
inch needle to disrupt membranes. The nuclei were pelleted
by centrifugation (800 g for 10 min at 4° C.) and the
supernatant was collected followed by ultracentrifugation on
a Beckman® table-top ultracentrifuge (TLA100.3, 100,000
g, 30 min at 4° C.) to remove membranes. The supernatant
was then collected to yield the cytosolic protein extract. A
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BioRad® protein assay was then performed on the samples
to quantify the amount of protein. The samples were stored
at —80° C. until further use.

Approximately 300 pg control lysate and 300 pg cad-
mium-induced lysate were incubated with 3.5 mM EDTA.
Samples were then denatured with 8 M urea reduced with 5
mM TCEP for 1 hour at room temperature. The samples
were then alkylated with 28 mM of either ‘“N-iodoacet-
amide (control, ‘light”) or **N-iodoacetamide (test, ‘heavy’)
at room temperature in the dark for 1 hr and quenched with
~6 mM TCEP for 10 minutes. Thus, the cadmium-induced
proteins were ‘heavy’ labeled, while the control proteins
were unlabeled or ‘light.’

The control and cadmium-induced tubes were then
desalted with a gel filtration column to get rid of excess
alkylating agent. Control and cadmium-induced proteins
were then mixed together into a single tube. The samples
were incubated with trypsin (1% w/w) overnight at 37° C.
After incubation, 0.1% formic acid was added to stop tryptic
activity and to protonate the peptides. The samples were
then run through a CEREX® octadecyl C18 heavy load solid
phase extraction column to remove salts and concentrate the
peptides.

Peptides were then fractionated through a 2.1 mmx25 cm
poly LC polysulfoethyl A SCX column over a 70 min.
gradient while collecting a fraction every 7 minutes (buffer
A: 0.02% formic & 20% ACN, buffer B: 0.1% formic; 1 M
NaCl; 10% ACN). The metallothionein fraction was then
treated with 8M HCI containing 0.5M dimethyl sulfide
(DMS) for 30 minutes to reduce methionine sulfoxides back
to methionine. Approximately 3 ng of the metallothionein
fraction was injected into an ABI SCIEX Tempo™ LC
MALDI nanoHPLC system with an integrated spotter and
was fractionated through a self-packed column (MICHROM
Bioresources Magic C18AQ 200 A pore size, 5 uM diameter
particles, and 100 pmx10 cm in length) over 250 spots. The
column was equilibrated with 97% Buffer A (0.1% formic
acid, 2% acetonitrile) and 3% Buffer B (0.1% formic acid,
98% acetonitrile) at a flow rate of 0.8 ul/min and peptides
were fractionated with a 70 min linear gradient of 3% Buffer
B/97% Buffer A to 20% Buffer B/80% Buffer A. Fractions
were spotted every 0.18 seconds onto a MALDI target plate
with post-column mixing of an equal volume of 10 mg/mL
a-cyano-4-hydroxycinnamic acid (CHCA) in 75% acetoni-
trile, 0.1% formic acid. The column was recycled with 70%
Buffer B/30% Buffer A for 5 minutes and then re-equili-
brated with 3% pump B for 10 minutes.

Samples were analyzed by MS and MS/MS using an ABI
4800 MALDITOF/TOF mass spectrometer. Metallothionein
peptides were identified by searching spectra against the
human UniProt database and confirmed by manual analysis.
Relative metallothionein quantification was achieved by
taking average monoisotopic peak intensities of the unique
acetylated N-terminal Cd-induced heavy (**N-labeled) to
light (control **N-labeled) peptides for each metallothionein
isoform.

Absolute quantification was achieved by taking the aver-
age monoisotopic peak intensity ratio of the unique acety-
lated N-terminal heavy (absolute standard of known con-
centration) to light (cadmium-induced) peptide for each
metallothionein isoform being analyzed. For example, for
each metallothionein isoform, 5 spots from the MALDI
target plate were analyzed by mass spectroscopy and aver-
age monoisotopic peak intensities were generated for control
(**N-labeled, ‘light’) and test (**N-labeled, ‘heavy’) pep-
tides. The mass of each of the heavy peptides was corrected
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for light isotopic label contribution (which took into account
the % control peptides labeled and also the isotopic purity of
the iodoacetamide).

The methods described herein can identify and quantify
small amounts of metallothionein protein isomers. For
example, the methods can detect metallothionein isomers
when they are present at only about 0.05 ng to 20 ng per ng
total protein in a test sample. In some cases, the methods can
detect metallothionein isomers when they are present at only
about 0.05 ng to 10 ng per g total protein in a test sample,
or at only about 0.05 ng to 5 ng per ug total protein in a test
sample. For example, the methods described herein can
detect as little as 0.05 ng to 2 ng metallothionein protein
isomer per ug total protein in a test sample.
Metallothioneins

Metallothioneins (MTs) are a low-molecular-weight (6-7
kDa) metal-binding family of proteins that have a high
content of conserved cysteine residues. For example, met-
allothioneins have a total of 20-21 cysteines out of a total of
60-70 amino acids. This high cysteine content allows them
to bind transition heavy metals, such as zinc (Zn), cadmium
(Cd), and copper (Cu) with high affinity.

Metallothionein gene expression is induced by a high
variety of stimuli, as metal exposure, oxidative stress, glu-
cocorticoids, and other stressors. The level of the response
to these inducers depends on the metallothionein gene. The
promoters of metallothionein genes can have specific
sequences for regulation of metallothionein mRNA expres-
sion including metal response elements (MRE), glucocorti-
coid response elements (GRE), and anti-oxidant response
elements (ARE).

A number of metallothionein isoforms are expressed in
human tissues. These isoforms share 70 to 90% amino acid
sequence identity. For example, the following metallothio-
nein isomers are found in various human tissues in at least
small amounts: metallothionein-1A, metallothionein-1B,
metallothionein-1E, metallothionein-1F, metallothionein-
1G1, metallothionein-1G2, metallothionein-1H, metalloth-
ionein-1L, metallothionein-1M, metallothionein-1X, metal-
lothionein-2, metallothionein-3, and metallothionein-4.

Sequences are available for various metallothionein pro-
teins and nucleic acids, for example, in the sequence data-
base maintained by the National Center for Biotechnology
Information (see website at www.ncbi.nlm.nih.gov/).

One example of a human metallothionein-1A (MT-1A)
amino acid sequence is available as accession number
NP_005937.2 (GI:71274113), provided below as SEQ ID
NO:1.

1 MDPNCSCATG GSCTCTGSCK CKECKCTSCK KSCCSCCPMS
41 CAKCAQGCIC KGASEKCSCC A

Another example of a human metallothionein-1A (MT-1A)
amino acid sequence is available as accession number
P04731 (e.g., P04731.2, GI:269849625) from the NCBI
database.

An example of a human metallothionein-1B (MT-1B)
sequence is available as accession number NP_005938.1
(G1:27414495) and is provided below as amino acid
sequence SEQ ID NO:2.

1 MDPNCSCTTG GSCACAGSCK CKECKCTSCK KCCCSCCPVG

41 CAKCAQGCVC KGSSEKCRCC A



US 9,470,693 B2

13
Another example of a human metallothionein-1B (MT-1B)
amino acid sequence is available as accession number
P07438 (e.g., P07438.1, G1:127367) from the NCBI data-
base.

An example of a human metallothionein-1E (MT-1E)
sequence is available as accession number NP_783316.2
(GI:83367075) and is provided below as amino acid
sequence SEQ ID NO:3.

1 MDPNCSCATG GSCTCAGSCK CKECKCTSCK KSCCSCCPVG
41 CAKCAQGCVC KGASEKCSCC A

Another example of a human metallothionein-1E (MT-1E)
amino acid sequence is available as accession number
P04732 (e.g., P04732.1, G1:127370) from the NCBI data-
base.

An example of a human metallothionein-1F (MT-1F)
sequence is available as accession number NP_005940.1
(GI:28866947) and is provided below as amino acid
sequence SEQ ID NO:4.

1 MDPNCSCAAG VSCTCAGSCK CKECKCTSCK KSCCSCCPVG
41 CSKCAQGCVC KGASEKCSCC D

Another example of a human metallothionein-1F (MT-1F)
amino acid sequence is available as accession number
P04733 (e.g., P04733.1, GI:127371) from the NCBI data-
base.

An example of a human metallothionein-1G1 (MT-1G1;
also referred to as metallothionein 1G, isoform CRA_b)
sequence is available as accession number EAW82883.1
(GI:119603289) and is provided below as amino acid
sequence SEQ ID NO:5.

1 MDPNCSCAAA GVSCTCASSC KCKECKCTSC KKSCCSCCPV
41 GCAKCAQGCI CKGASEKCSC CA

Another example of a human metallothionein-1G1 (MT-
1G1) amino acid sequence is available as accession number
P13640 (e.g., P13640.2, G1:90109444) from the NCBI data-
base.

An example of a human metallothionein-1G2 (MT-1G2;
also referred to as metallothionein 1G, isoform CRA_a)
sequence is available as accession number EAW82882.1
(GI:119603288) and is provided below as amino acid
sequence SEQ ID NO:6.

1 MDPNCSCAAG VSCTCASSCK CKECKCTSCK KSCCSCCPVG
41 CAKCAQGCIC KGASEKCSCC A

Another example of a human metallothionein-1G2 (MT-
1G2) amino acid sequence is available as accession number
NP_005941.1 (GI:10835230) from the NCBI database.

An example of a human metallothionein-1H (MT-1H)
sequence is available as accession number EAW82884.1
(GI:119603290) and is provided below as amino acid
sequence SEQ ID NO:7.

1 MDPNCSCEAG GSCACAGSCK CKKCKCTSCK KSCCSCCPLG

41 CAKCAQGCIC KGASEKCSCC A
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Another example of a human metallothionein-1H (MT-1H)
amino acid sequence is available as accession number
P80294 (e.g., P80294.1, G1:462634) from the NCBI data-
base.

An example of a human metallothionein-1I. (MT-11)
sequence is available as accession number Q93083.1 (GI:
2497864) and is provided below as amino acid sequence
SEQ ID NO:8.

1 MDPNCSCATG GSCSCASSCK CKECKCTSCK KSCCSCCPMG
41 CAKCAQGCVC KGASEKCSCC A

Another example of a human metallothionein-11L. (MT-1L)
amino acid sequence is available as accession number
Q93083 (e.g., Q93083.1, GI1:2497864) from the NCBI data-
base.

An example of a human metallothionein-1M (MT-1M)
sequence is available as accession number NP_789846.1
(G1:28866966) and is provided below as amino acid
sequence SEQ ID NO:9.

1 MDPNCSCTTG VSCACTGSCK CKECKCTSCK KSCCSCCPVG

41 CAKCAHGCVC KGTLENCSCC A

Another example of a human metallothionein-1M (MT-1M)
amino acid sequence is available as accession number
Q8N339 (e.g., Q8N339.2, GI:88913543) from the NCBI
database.

An example of a human metallothionein-1X (MT-1X)
sequence is available as accession number NP_005943.1
(GI:10835232) and is provided below as amino acid
sequence SEQ ID NO:10.

1 MDPNCSCSPV GSCACAGSCK CKECKCTSCK KSCCSCCPVG
41 CAKCAQGCIC KGTSDKCSCC A

Another example of a human metallothionein-1X (MT-1X)
amino acid sequence is available as accession number
P80297 (e.g., P80297.1, GI1:462637) from the NCBI data-
base.

An example of a human metallothionein-2 (MT-2)
sequence is available as accession number NP_005944.1
(G1:5174764) and is provided below as amino acid sequence
SEQ ID NO:11.

1 MDPNCSCAAG DSCTCAGSCK CKECKCTSCK KSCCSCCPVG
41 CAKCAQGCIC KGASDKCSCC A

Another example of a human metallothionein-2 (MT-2)
amino acid sequence is available as accession number
P02795 (e.g., P02795.1, G1:127397) from the NCBI data-
base.

An example of a human metallothionein-3 (MT-3)
sequence is available as accession number NP_005945.1
(G1:5174762) and is provided below as amino acid sequence
SEQ ID NO:12.

1 MDPETCPCPS GGSCTCADSC KCEGCKCTSC KKSCCSCCPA

41 ECEKCAKDCV CKGGEAAEAE AEKCSCCQ
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Another example of a human metallothionein-3 (MT-3)
amino acid sequence is available as accession number
P25713 (e.g., P25713.1, G1:127404) from the NCBI data-
base.

An example of a human metallothionein-4 (MT-4)
sequence is available as accession number NP_116324.1
(GI:14269578) and is provided below as amino acid
sequence SEQ ID NO:13.

1 MDPRECVCMS GGICMCGDNC KCTTCNCKTC RKSCCPCCPP
41 GCAKCARGCI CKGGSDKCSC CP

Disease Detection

The expression of each metallothionein isoform is differ-
entially regulated by various physiological/disease condi-
tions (e.g. cellular stress, cancer, etc.) and in response to
environmental factors (e.g., exposure to toxins such as Cd,
Hg). Therefore, analyses of specific metallothionein iso-
forms may serve as biomarkers to detect these conditions.
Metallothionein isoforms can be important for early detec-
tion, tumor sub-typing, diagnosis, prognosis and decision
making in therapeutic strategies. Methods and kits described
herein can therefore be used to detect and monitor disease.

For example, MT-3 is normally expressed only in the
brain and kidney (Hoey et al., Toxicology Letters 92:149-
160, 1997), while most of the other metallothionein isoforms
are ubiquitously expressed. Identifying and quantifying the
expression level of MT-3 in the urine, for example, can be
prognostic for genitourinary disease because kidney damage
can cause cellular proteins from that tissue, including MT-3,
to be released into the urine. Similarly, although normal
bladder tissues do not normally express MT-3, expression of
MT-3 is induced in bladder cancer (Sens et al., Environ-
mental Health Perspectives 5:413-418, 2000). Bladder can-
cer cells also overexpress MT-1X (Somji et al., Cancer
Detect Prev. 25:62-75 2001). Advanced prostate cancer cells
exhibit reduced MT-1X expression (Garrett et al Prostate
43:125-135, 10 2000). Hence, accurate quantification of the
amounts of metallothionein isomers in tissue and biological
fluid samples, as described herein, can be used for diagnosis
of various types of cancer.

Metallothioneins are known to be an important compo-
nent in the cells for protection against and recovery from
environmental insult, especially those associated with heavy
metals. Expression of metallothionein isoforms is also
altered in many types of cancers and can be related to poor
patient prognosis.

A non-exhaustive sampling of other metallothionein/can-
cer correlations indicate that the following metallothionein
isomers are correlated with the following types of cancer.

Only MT-1E and MT-2A are found in well-differentiated
HK1 nasopharyngeal carcinoma (NPC) cells (Tan et al.,
Oncol Rep 13: 127-131, 2005).

Expression of MT-1E, 1F, 1G, 1H, and 1M has been found
to be abolished during the transition from normal
mucosa to colorectal tumor, while MT-1X and MT-2A
were less down-regulated in the colorectal tumor tis-
sues (Arriga et al., Human Pathology, 43:197, 2012).

MT-1E, 1G, 1X and MT2A are down-regulated in papil-
lary thyroid carcinoma (Ferrario et al., Lab Invest
88:474-481).

MT-2A and all MT-1 isoforms are significantly reduced in
hepatocellular carcinomas (Dhatta et al., Cancer Res
67:2736-2746, 2007).
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Detectable levels of MT-1A and 1H transcripts are found
in breast cancer cell lines and tissue samples but
MT-1B and MT-4 are absent.

MT-1E, 1F, 1X and 2A are significantly upregulated in
breast cancer (Tai et al., Am J Pathol 163: 2009-19,
2003; Jin et al, Carcinogenesis, 23: 81-6, 2002).

MT-1E is overexpressed in ER-negative invasive ductal
cancers (Erlander et al., WO2009108215) or predictive
of responsiveness to the IGF-1R kinase inhibitor thera-
peutics (Eckhardt et al., US2010020665).

MT-3 is overexpressed in ductal carcinoma in situ and
associated with poor prognosis in breast cancer (Sens et
al., Am 5 J Pathol 159: 21-6, 2001).

MT-1F and MT-2A are associated with higher tumor
grading (Jin et al., Breast Cancer Re Treat, 66: 265-72,
2001; Jin et al., Carcinogenesis, 23: 81-6, 2002).

Also by way of example, metallothioneins associate with
the heavy metal pollutant Cd in the renal cortex and expo-
sure to Cd causes induction of metallothionein expression.
Studies have shown that chronic exposure to Cd is associ-
ated with many health problems including an increased risk
of lung cancer and renal diseases with smokers having a
higher risk of renal cancer than nonsmokers. The expression
of each isoform is differentially regulated by various physi-
ological/disease conditions (e.g. cellular stress, cancer, etc.)
and environmental factors (e.g., exposure to toxins such as
Cd, Hg).

Therefore, different metallothionein isoforms can serve as
biomarkers for detection of different diseases and condi-
tions. For example, altered expression of metallothioneins
can be diagnostic of certain cancers such as cancers of the
breast, colon, kidney, liver, skin (melanoma), lung, nasoph-
arynx, ovary, prostate, mouth, salivary gland, testes, thyroid
and urinary bladder. The cancer can be an invasive or
metastatic cancer. The cancer can also be a tumor that is
prone to angiogenesis. Examples of cancers that can be
detected by the methods described herein include solid
tumors and cancers as well as cancers associated with
particular tissues, including breast cancer, colon cancer, lung
cancer, prostate cancer, ovarian cancer, cancer of the central
nervous system, carcinomas, leukemias, lymphomas, mela-
nomas, fibrosarcomas, neuroblastoma, and the like. The
cancer can, for example, be autoimmune deficiency syn-
drome-associated Kaposi’s sarcoma, cancer of the adrenal
cortex, pheochromocytoma, cancer of the cervix, cancer of
the endometrium, cancer of the esophagus, cancer of the
head and neck, cancer of the liver, cancer of the pancreas,
cancer of the prostate, cancer of the thymus, carcinoid
tumors, chronic lymphocytic leukemia, Ewing’s sarcoma,
gestational trophoblastic tumors, hepatoblastoma, multiple
myeloma, non-small cell lung cancer, retinoblastoma, or
tumors in the ovaries. Especially in cancer, metallothionein
isoforms may be important for early detection, tumor sub-
typing, diagnosis, prognosis and decision making in thera-
peutic strategies.

The methods and kits described herein can also be used to
detect and/or monitor toxin exposure, or the development of
a reaction or disease relating to toxin exposure. Such toxins
can include one or more of benzene, toluene, ethylbenzene,
xylene, polyaromatic hydrocarbons, polychlorinated biphe-
nols and heavy metals such as copper, lead, mercury,
indium, vanadium, or cadmium or other environmental
pollutant or mixture thereof.

Therefore, the invention also includes a method or kit for
detecting or monitoring a disease or disorder in a mamma-
lian subject that includes quantifying an amount of at least
one metallothionein isomer in a test sample obtained from
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the subject. The quantity of a selected metallothionein
isomer in a test sample can be compared to the quantity of
the same type of metallothionein isomer in a control sample
(e.g., of healthy tissue or biological fluid). When the quan-
tities of one or more metallothionein isomers differ in a test
sample compared to the control, the subject can be informed
that he or she may have a potential disease. Appropriate
treatment can be initiated.

Disease Treatment

One aspect of the invention is a method of treating cancer
in a mammal when disease is detected. For example, cancers
can be treated by administering to a subject an effective
amount of a chemotherapeutic agent. According to the
invention, treatment of cancer can involve killing tumor
cells, reducing the growth of tumor cells and reducing the
growth or function of tumor stromal cells in a mammal
Treatment of cancer can also involve promoting apoptosis of
cancer cells. Treatment of cancer can also involve inhibiting
angiogenesis of a tumor in a mammal.

For example, when cancer is detected in a subject, the
subject can be treated with an agent such as a cytotoxin,
photosensitizing agent or a chemotherapeutic agent. These
agents include, but are not limited to, folate antagonists,
pyrimidine antimetabolites, purine antimetabolites, 5-amin-
olevulinic acid, alkylating agents, platinum anti-tumor
agents, anthracyclines, DNA intercalators, epipodophyllo-
toxins, DNA topoisomerases, microtubule-targeting agents,
vinca alkaloids, taxanes, and epothilones. Further informa-
tion can be found in Bast et al., Cancer MEeDICINE, edition 5,
which is available free as a digital book. See website at
ncbi.nlm.nih.gov/books/bv.fegi?call=bv
View..ShowTOC&rid=cmed. TOC&depth=2.

Folic acid antagonists are cytotoxic drugs used as anti-
neoplastic, antimicrobial, anti-inflammatory, and immune-
suppressive agents. While several folate antagonists have
been developed, and several are now in clinical trial, metho-
trexate (MTX) is the antifolate with the most extensive
history and widest spectrum of use. MTX is an essential
drug in the chemotherapy regimens used to treat patients
with acute lymphoblastic leukemia, lymphoma, osteosar-
coma, breast cancer, choriocarcinoma, central nervous sys-
tem cancers, and head and neck cancer, as well as being an
important agent in the therapy of patients with nonmalignant
diseases, such as rheumatoid arthritis, psoriasis, and graft-
versus-host disease.

Pyrimidine antimetabolites include fluorouracil, cytosine
arabinoside, 5-azacytidine, and 2',2'-difluoro-2'-deoxycyti-
dine. Purine antimetabolites include 6-mercatopurine, thio-
guanine, allopurinol (4-hydroxypyrazolo-3,4-d-pyrimidine),
deoxycoformycin (pentostatin), 2-fluoroadenosine arabino-
side (fludarabine; 9-p-d-arabinofuranosyl-2-fluoradenine),
and 2-chlorodeoxyadenosine (Cl-dAdo, cladribine). In addi-
tion to purine and pyrimidine analogues, other agents have
been developed that inhibit biosynthetic reactions leading to
the ultimate nucleic acid precursors. These include phos-
phonacetyl-L-aspartic acid (PALA), brequinar, acivicin, and
hydroxyurea.

Alkylating agents and the platinum anti-tumor com-
pounds form strong chemical bonds with electron-rich atoms
(nucleophiles), such as sulfur in proteins and nitrogen in
DNA. Although these compounds react with many biologic
molecules, the primary cytotoxic actions of both classes of
agents appear to be the inhibition of DNA replication and
cell division produced by their reactions with DNA. How-
ever, the chemical differences between these two classes of
agents produce significant differences in their anti-tumor and
toxic effects. The most frequently used alkylating agents are
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the nitrogen mustards. Although thousands of nitrogen mus-
tards have been synthesized and tested, only five are com-
monly used in cancer therapy today. These are mechlore-
thamine (the original “nitrogen mustard”),
cyclophosphamide, ifosfamide, melphalan, and chlorambu-
cil. Closely related to the nitrogen mustards are the aziri-
dines, which are represented in current therapy by thiotepa,
mitomycin C, and diaziquone (AZQ). Thiotepa (tricthylene
thiophosphoramide) has been used in the treatment of car-
cinomas of the ovary and breast and for the intrathecal
therapy of meningeal carcinomatosis. The alkyl alkane sul-
fonate, busulfan, was one of the earliest alkylating agents.
This compound is one of the few currently used agents that
clearly alkylate through an SN2 reaction. Hepsulfam, an
alkyl sulfamate analogue of busulfan with a wider range of
anti-tumor activity in preclinical studies, has been evaluated
in clinical trials but thus far has demonstrated no superiority
to busulfan. Busulfan has a most interesting, but poorly
understood, selective toxicity for early myeloid precursors.
This selective effect is probably responsible for its activity
against chronic myelocytic leukemia (CML).

Photosensitizing agents induce cytotoxic effects on cells
and tissues. Upon exposure to light the photosensitizing
compound may become toxic or may release toxic sub-
stances such as singlet oxygen or other oxidizing radicals
that are damaging to cellular material or biomolecules,
including the membranes of cells and cell structures, and
such cellular or membrane damage can eventually kill the
cells. A range of photosensitizing agents can be used,
including psoralens, porphyrins, chlorines, aluminum phtha-
locyanine with 2 to 4 sulfonate groups on phenyl rings (e.g.,
AlPcS,, or AlPcS,) and phthalocyanins. Such drugs become
toxic when exposed to light. In one embodiment, the pho-
tosensitizing agent is an amino acid called 5-aminolevulinic
acid, which is converted to protoporphyrin IX, a fluorescent
photosensitizer. 5-Aminolevulinic acid has been approved
for treating skin and esophagus cancers and is in clinical trial
for brain tumor detection and therapy. Light therapy is used
to activate the photosensitizing agent. For example, laser
treatment can be used. Alternatively, light rods can be
inserted into the flesh.

Topoisomerase poisons are believed to bind to DNA, the
topoisomerase, or either molecule at or near the region of the
enzyme involved in the formation of the DNA protein
covalent linkage. Many topoisomerase poisons, such as the
anthracyclines and actinomycin D, are relatively planar
hydrophobic compounds that bind to DNA with high affinity
by intercalation, which involves stacking of the compound
between adjacent base pairs. Anthracyclines intercalate into
double-stranded DNA and produce structural changes that
interfere with DNA and RNA syntheses. Several of the
clinically relevant anthracyclines include doxorubicin,
daunorubicin, epirubicin, and idarabicin.

Non-intercalating topoisomerase-targeting drugs include
epipodophyllotoxins such as etoposide and teniposide.
Etoposide is approved in the United States for the treatment
of testicular and small cell lung carcinomas. Etoposide
phosphate is more water soluble than etoposide and is
rapidly converted to etoposide in vivo. Other non-interca-
lating topoisomerase-targeting drugs include topotecan and
irinotecan.

Unique classes of natural product anticancer drugs have
been derived from plants. As distinct from those agents
derived from bacterial and fungal sources, the plant prod-
ucts, represented by the Vinca and Colchicum alkaloids, as
well as other plant-derived products such as paclitaxel
(Taxol) and podophyllotoxin, do not target DNA. Rather,
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they either interact with intact microtubules, integral com-
ponents of the cytoskeleton of the cell, or with their subunit
molecules, the tubulins. Clinically useful plant products that
target microtubules include the Vinca alkaloids, primarily
vinblastine (VLB), vincristine (VCR), vinorelbine (Navel-
bine, VRLB), and a newer Vinca alkaloid, vinflunine (VFL;
20',20'-difluoro-3',4'-dihydrovinorelbine), as well as the two
taxanes, paclitaxel and docetaxel (Taxotere).

Hence, examples of drugs that can be used for treatment
include, but are not limited to, aldesleukin, 5-aminolevulinic
acid, asparaginase, bleomycin sulfate, camptothecin, carbo-
platin, carmustine, cisplatin, cladribine, cyclophosphamide
(lyophilized), cyclophosphamide (non-lyophilized), cytara-
bine (lyophilized powder), dacarbazine, dactinomycin,
daunorubicin, diethyistilbestrol, doxorubicin (doxorubicin,
4'-epidoxorubicin, 4- or 4'-deoxydoxorubicin), epoetin alfa,
esperamycin, etidronate, etoposide, N,N-bis(2-chloroethyl)-
hydroxyaniline, 4-hydroxycyclophosphamide, fenoterol, fil-
grastim, floxuridine, fludarabine phosphate, fluorocytidine,
fluorouracil, fluorouridine, goserelin, granisetron hydrochlo-
ride, idarubicin, ifosfamide, interferon alpha-2a, interferon
alpha-2b, leucovorin calcium, leuprolide, levamisole,
mechiorethamine, = medroxyprogesterone,  melphalan,
methotrexate, mitomycin, mitoxantrone, muscarine, oct-
reotide, ondansetron hydrochloride, oxyphenbutazone,
paclitaxel, pamidronate, pegaspargase, plicamycin, salicylic
acid, salbutamol, sargramostim, streptozocin, taxol, terbuta-
line, terfenadine, thiotepa, teniposide, vinblastine, vindesine
and vincristine. Other drugs and toxic effector molecules for
use in the present invention are disclosed, for example, in
WO 98/13059; Payne, 2003; US 2002/0147138 and other
references available to one of skill in the art.

The methods and kits described herein can also be used to
detect and/or monitor toxin exposure, or the development of
a reaction or disease relating to toxin exposure. Such toxins
can include one or more of benzene, toluene, ethylbenzene,
xylene, polyaromatic hydrocarbons, polychlorinated biphe-
nols and heavy metals such as copper, lead, mercury or
cadmium or other environmental pollutant or mixture
thereof. The methods and kits can therefore be companion
diagnostics for diseases such as those recited herein. By use
of the methods and kits described herein, disease develop-
ment and progression can be avoided by early detection of
toxin exposure and avoidance of such exposure. Moreover,
treatment of toxic exposure or reaction to toxins can be
iniatiated. For example, when heavy metal exposure or
reaction to heavy metal exposure is detected in a test sample,
the subject from whom the test sample was obtained can be
treated. Treatments can include heavy metal chelation, anti-
oxidant administration, reperfusion, dietary changes, and the
like. One example of a therapeutic agent that can be admin-
istered to such a subject is 2,7,9,-tricarboxypyrroloquinoline
quinone. The methods and kits described herein can also be
used as a companion diagnostic to detect and/or monitor
metal toxicity induced by platinum-based chemotherapies.
Kits

In other aspects, the invention is drawn to kits comprising
one or more components, such as one or more reagents for
detecting and quantifying metallothionein protein isomers,
and instructions for using the kit and its components.

The kit can include components for processing tissues and
cells in the methods described herein, such as tissue or cell
stabilizing agents, protease inhibitors, protein denaturing
agents (or a mixture of agents for denaturing proteins),
reducing agents, buffers, diluents, small spin columns for
removal of undesired materials from test samples, or similar
components, including any of the reagents described herein.
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The kit can also include components for preparing the
proteins in a test sample for analysis such as reducing
agents, alkylating agents (e.g. iodoacetamide or iodoacetic
acid), labeling agents (e.g., '°N-labeled iodoacetamide or
15N-labeled iodoacetic acid), proteases (e.g., trypsin, Lys-C,
Lys-N, Glu-C, chymotrypsin, pepsin, thermolysin, papain,
Arg-C, Asp-N or chemical cleavage agents such as cyanogen
bromide), small spin columns for removal of undesired
impurities, small spin columns for enrichment of metallo-
thionein proteins or peptides, buffers for separation and/or
enrichment of metallothionein peptides (e.g., buffers for ion
exchange chromatography or reversed phase chromatogra-
phy), chromatography matrices or chromatography columns
(e.g., those for ion exchange chromatography or reversed
phase chromatography), or similar components, including
any of the reagents described herein.

The kit can also include reference or standard peptides,
such as any of metallothionein isomeric peptides described
herein. The reference or standard peptides can be labeled
(e.g., with a stable isotope such as **°N, '*C or deuterium),
or be unlabeled. The reference or standard peptides can be
provided in solution or as a dry powder (e.g., a lyophilized
powder). The reference or standard peptides are provided at
a specified concentration (e.g., in solution) or as a specified
amount (e.g., in dry form).

Instructions provided with the kit can provide information
for performing the methods described herein, including
steps involving test sample isolation, protein denaturation,
reduction, alkylation, labeling, protease digestion, peptide
separation, metallothionein peptide enrichment, quantitative
mass spectrometry, use of reference or standard peptides,
and combinations of such steps. Instructions provided with
the kit can provide information for identifying or distin-
guishing one or more metallothionein protein or peptide
isomers from another. The instructions can provide infor-
mation for identifying or distinguishing each metallothion-
ein protein or peptide isomer from another or from all others.
For example, the instructions can provide specific mass
spectroscopic data for one or more (or all) metallothionein
isomeric peptide (e.g., as described in the Examples and
figures provided herein).

Instructions provided with the kit can also provide infor-
mation for diagnosing disease, including any of the diseases
recited herein. For example, instructions provided with the
kit can provide information for identifying diagnosing can-
cer or heavy metal toxicity when one or more metallothio-
nein protein isomers are detected in a test sample, or when
a specified amount or concentration of one or more protein
metallothionein protein isomers is detected in a test sample.
For example, the kit can serve as a companion diagnostic for
detection or monitoring of diseases such as cancer, toxic
exposure, heavy metal poisoning, or the development of
metal toxicity induced by platinum-based chemotherapies.

The present invention is further illustrated by the follow-
ing examples, which should not be construed as limiting in
any way. The contents of all cited references (including
literature references, issued patents, published patent appli-
cations as cited throughout this application) are hereby
expressly incorporated by reference.

EXAMPLE 1
Materials and Methods

This Example describes some of the materials and meth-
ods used in the development of the invention.



US 9,470,693 B2

21

Materials and Reagents—'°N-iodoacetamide was from
Sigma-Aldrich (St. Louis, Mo.). Isoform-specific N-termi-
nal acetylated metallothionein peptides were synthesized by
Elim Biopharmaceuticals (Hayward, Calif.).

Cell Culture—The human kidney epithelial HK-2 cells
containing the stably transfected human metallothionein-3
were grown as described previously (Kim et al., Kidney Int.
61, 464-472 (2002); Somji et al., Toxicol. Sci. 80, 358-366
(2004)). The cells were allowed to reach confluence with
doming After cells domed they were maintained for three
days in the presence or absence of 9 uM CdCl, to induce the
expression of metallothioneins. All data from these cells
represents biological replicates done in triplicates. Cell
monolayers from two T-75 flasks were washed twice with
phosphate-buffered saline (PBS), detached by scraping, and
pelleted by centrifugation at 197xg for 5 min at 4° C. The
five breast cell lines (MCF-10A, MCF-7, T-47D, Hs578T,
MDA-MB-231) were obtained from the American Type
Culture Collection. The MCF-10A cells were grown ina 1:1
mixture of Ham’s F-12 medium and DMEM supplemented
with 5% (v/v) fetal calf serum, 10 ng/ml insulin, 0.5 pg/ml
hydrocortisone, 20 ng/ml epidermal growth factor, and 0.1
pg/ml cholera toxin. The MCF-7, T-47D, Hs578T, and
MDA-MB-231 cells were grown in DMEM supplemented
with 5% (v/v) fetal calf serum. The cells were fed fresh
growth medium every 3 days, and at confluence (normally
6-12 days post subculture), the cells were subcultured at a
1:4 ratio using trypsin-EDTA (0.25%, 1 mM). Cell pellets
were either stored at -80° C. or used immediately.

Cytosol Preparation—Cells were resuspended in 0.5 mL
of hypotonic buffer (10 mM Tris pH 8.0, 1.5 mM MgCl,, 10
mM KCl, 1 mM DTT, and 0.5 pL. protease inhibitor cocktail
(Sigma-Aldrich). The cells were then passed through a 25
gauge, ¥ inch needle three times to disrupt membranes. The
nuclei were pelleted by centrifugation (800xg for 10 min at
4° C.) and the supernatant was further clarified by centrifu-
gation at 100,000xg, 30 min at 4° C. Total protein was
determined by the Bio-Rad Protein Assay (Bio-Rad, Hercu-
les, Calif.). Typical yields of 0.5 mL cytosol per two T-75
flasks was 3.0-3.5 mg/ml. Cytosols were stored at —80° C.

Reduction and Alkylation of Cytosols—300 pg control or
Cd-induced cytosol (~100 pl) was incubated with 3.5 mM
EDTA. Samples were then denatured with 8 M urea then
reduced with 5 mM dithiothreitol (DTT) or Tris(2-carboxy-
ethyl)phosphine (TCEP) in 100 mM Tris pH 8.0 for 1 hour
at room temperature in a final volume of ~190 pl. Proteins
were then alkylated at room temperature in the dark for 1
hour by the addition of ~27 ul of 200 mM *N- or *°N-
iodoacetamide to a final concentration of 28 mM. Urea and
excess alkylating agent were removed from the cytosols by
passing them through ~1 ml of Bio Gel P-6 in micro
Bio-Spin chromatography columns (Bio-Rad Laboratories,
Hercules, Calif.) equilibrated with 100 mM Tris pH 8.0.

Preparation of !°N-labeled Peptide Standards—The
purity of the seven metallothionein peptides as received
from the manufacturer ranged from 11 to 90% even though
>95% purity was requested. This was primarily because of
the difficulty of synthesis related to the high cysteine content
and peptide-specific sequences. Thirty pg of each peptide
was reduced with 5 mM DTT or 5 mM TCEP in 100 mM
Tris pH 8.0 for 1 hour at room temperature in a final volume
of' 31.5 uL.. The reduced peptides were then alkylated with
28 mM '*N-iodoacetamide for 1 hour in the dark at room
temperature. The '*N-labeled peptides were then purified by
reversed-phase chromatography using a narrow-bore 2.1x
150 mm Zorbax 300SB-C18, 5-um bead-size column (Agi-
lent Technologies, Santa Clara, Calif.) on a Shimadzu
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10-AVP HPLC (Shimadzu, Kyoto, Japan). Peptides were
separated with a linear 35 min gradient using 97% Buffer A
(0.1% formic acid, 2% acetonitrile) to 38% Buffer B (0.1%
formic acid, 98% acetonitrile) at 0.3 ml/min. Peptides were
detected by absorbance at 214 nm. The peak corresponding
to the peptide with the correct mass as determined by mass
spectrometry was collected, dried and reconstituted in mass
spectroscopy grade H,O. All **N-labeled peptides were at
least 95% pure as assessed by reverse phase HPLC. Peptide
concentration was determined using area under the curve
analysis at 214 nm based on the absorbance of a known
amount of metallothionein peptide for which the peptide
concentration using elemental analysis was provided by the
manufacturer represented a product of >95% purity. Ali-
quots of the purified N absolute metallothionein standard
peptides were stored at —80° C. A reference mixture con-
taining 145 pmol/ul. of each of the seven '°N-labeled
peptides (MT-2, MT-3, MT-1E, MT-1G2, MT-1X, MT-1M,
MT-1F) served as the internal standard for absolute quanti-
tation experiments in the HK-2 metallothionein-3 cells. For
the breast cells, a reference mixture containing 100 pmol/pl
of each of the three >N-labeled peptides (MT-2, MT-1E,
MT-1X) was used as the internal standard for absolute
quantitation.

Trypsin Digestion—For relative quantitation, 300 pg each
of *N-labeled control cytosol and **N-labeled Cd-treated
cytosol were combined. For absolute quantitation, 1 ul of
!>N-labeled metallothionein peptide reference mix was
added to either 300 pg of *N-labeled control or Cd-treated
cytosol. Samples were incubated with modified trypsin, 2%
wiw (Trypsin Gold, Promega, Madison, Wis.) overnight at
37° C. The reaction was stopped by the addition of formic
acid to 0.1% final concentration. Peptides were desalted
online via HPLC through a self-packed Magic C18AQ
column (200A pore size, 5 micron diameter particles,
MICHROM Bioresources, Auburn, Calif.) using 0.15
ml/min Buffer A (0.1% formic acid) for ~20 minutes. The
peptides were then eluted onto the SCX column using a 500
ul injection of 75% acetonitrile and 0.1% formic.

Chromatography—Peptides were then fractionated on a
2.1 mmx25 cm poly LC polysulfoethyl A self-packed strong
cation exchange (SCX) analytical column with a 60 min
linear gradient using Buffer A (0.1% formic acid) and from
0-25% Buffer B (0.1% formic acid; 1 M NaCl; 10% acetoni-
trile) at 0.15 ml/min. Fractions were collected every seven
minutes and screened by mass spectrometry to locate the
metallothionein peptides. The metallothionein peptide-con-
taining fraction was evaporated to dryness, and reconstituted
in 24 ul 8 M HCI containing 0.5 M dimethy] sulfide. The
reaction was incubated 30 minutes at room temperature to
reduce methionine sulfoxides (Shechter, J Biol Chem 261:
66-70 (1986). The reaction was then quenched by the
addition of 12 pl 5 M NaOH. Precipitated salt was pelleted
by centrifugation at 14,000xg for 2 minutes at room tem-
perature and the supernatant was collected. The sample was
immediately loaded onto a self-packed 100 pmx10 cm
Magic C18AQ column (200 A pore size, 5 micron diameter
particles, MICHROM Bioresources, Auburn, Calif.) using a
Tempo LC-MALDI (ABI SCIEX, Framingham, Mass.) inte-
grated nano-HPLC/spotter. The column was equilibrated
with 97% Buffer A (0.1% formic acid, 2% acetonitrile) and
3% Buffer B (0.1% formic acid, 98% acetonitrile) at a flow
rate of 0.8 pl/min and peptides were fractionated with a 70
min linear gradient of 3% Buffer B/97% Buffer A to 20%
Buffer B/80% Buffer A. Fractions were spotted every 0.18
seconds onto a MALDI target plate with post-column mix-
ing of an equal volume of 10 mg/ml a-cyano-4-hydroxy-
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cinnamic acid (CHCA) in 75% acetonitrile, 0.1% formic
acid. The column was recycled with 70% Buffer B/30%
Buffer A for 5 minutes and then re-equilibrated with 3%
pump B for 10 minutes.

Mass Spectrometry—The samples were analyzed by MS
and MS/MS using an ABI 4800 MALDI-TOF/TOF mass
spectrometer. For MS, laser intensity was 3200 to 3500 and
900 spectra were accumulated over 30 subspectra at 30 shots
per subspectrum. The precursor ion mass range was limited
to m/z 1800-3000. Resolution was typically 15000. Metal-
lothionein peptide identities were confirmed by MSMS.
Laser intensity was 4000. Spectra were accumulated over 30
subspectra at 30 shots per subspectrum. Unprocessed .t2d
files were centroided and converted to .mgf files using the
Peaks to Mascot tool on the AB Sciex 4000 Explorer
software (version 3.5.28193). Metallothionein peptides were
identified using Mascot version 2.3.02 (Matrix Science Inc.,
Boston, Mass.). Spectra were searched against the human
proteome in the UniProt protein database (version 15.15).
Search parameters were set at precursor peptide mass tol-
erance of 1.2 Da; fragment ion tolerance of 0.6 Da; enzyme-
trypsin; fixed modification—cysteine **N-carbamidometh-
ylation; variable modifications—acetylation (protein
N-term), methionine oxidation, cysteine '*N-carbamidom-
ethylation; missed cleavages—up to two. Peptide mass
errors were typically less than 100 ppm. Mascot ion scores
were routinely 60-150.

Relative and Absolute Quantitation—The mean monoiso-
topic peak intensity was determined for each metallothion-
ein "N and °N precursor ion across three to five spots
spanning the precursor ion peak. The minimum signal to
noise ratio accepted for a given peak was 20. The mass
difference between pairs of '*N- and '’N-labeled metallo-
thionein precursor ion pairs was 5 Da. Intensities of the
!>N-labeled monoisotopic peaks were corrected for the
contribution of the overlapping '*N peptide n+6 isotopic
peak using the equation H_,,,=H-(L*C)-(H-L*C)(P*P")
where H and L are the areas of the monoisotopic peak of the
heavy-labeled and light-labeled precursor ions respectively,
C is the percent contribution of the n+6 isotopic peak of the
light precursor ion, P is the atom percent **N contamination
in >N iodoacetamide, P' is the atom percent purity of >N
iodoacetamide. The '*N contamination was based on 99
atom percent according to the manufacturer.

Real Time Analysis of Metallothionein Isoform mRNA
Expression—Total RNA was purified from HK-2 MT-3,
MCF-10A, Hs578T, MDA-MB-231, MCF-7, and T-47D cell
pellets (biological replicates done in triplicates) using the
manufacturer’s standard TRI REAGENT (Molecular
Research Center, Cincinnati, Ohio) protocol. The measure-
ment of metallothionein isoform mRNA expression was
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assessed with real time RT-PCR utilizing previously
described metallothionein isoform-specific primers (Midi-
doddi et al., Toxicol Lett 85:17-27 (1996)). The primers
sequences used for metallothionein-1M consisted of:

(SEQ ID NO: 14)
Up GGGCCTAGCAGTCG;
(SEQ ID NO: 15
Low TGGCTCAGTATCGTATTG.

The primer sequences used for 18S rRNA expression were:

(SEQ ID NO: 16)
Up CGCCGCTAGAGGTGAAATTC;

(SEQ ID NO: 17)
Low TTGGCAAATGCTTTCGCTC.

Forty nanograms of total RNA was subjected to RT-PCR
amplification using the iScript One-Step RT-PCR kit (Bio-
Rad Laboratories, Hercules Calif.) with SYBR Green using
0.2 uM of primers in a total reaction volume of 20 uL. in an
iCycler iQ real-time detection system (Bio-Rad Laborato-
ries). Amplification was monitored by SYBR Green fluo-
rescence and compared with that of a standard curve of each
metallothionein isoform gene cloned into pcDNA3.1/hygro
(+) and linearized with Fsp 1. Cycling parameters consisted
of a reverse transcription step at 50° C. for 10 minutes,
denaturation at 95° C. for 15 seconds, annealing at 65° C. for
40 seconds, and extension at 72° C. for 40 seconds which
gave the optimal amplification efficiency of each standard.
For metallothionein-1M, 62° C. was used for the annealing
temperature while the other cycling parameters listed above
remained the same. The level of metallothionein isoform
expression was normalized to that of 18S rRNA assessed by
the same assay.

EXAMPLE 2

Detection of Metallothionein Isomers

This Example illustrates methods for identification of
metallothionein isomers.

Detection of Synthetic N-Terminal Acetylated Metalloth-
ionein Peptides.

Acetylated N-terminal tryptic peptides for 11 human
metallothionein isoforms were commercially synthesized,
alkylated, and purified (Table 1).

TABLE 1

Human N-terminal tryptic MT peptides

Identified
in human IdentifiedIdentified
Identified breast Identified in human in human
Retention in cells in certical cerebrum
MT Expected Time HK-2 in this RWPE kidney brain
Isoform Sequence m/z* (min.) cells study cells tigsue tigsue
MT-1A MDPNCSCATGGSCTCTGSCK 2252.8 36.5 No No No No No
SEQ ID NO: 18
MT-1B MDPNCSCTTGGSCACAGSCK 2222.8 36.5 No No No No No
SEQ ID NO: 19
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TABLE 1-continued

Human N-terminal tryptic MT peptides

Identified
in human IdentifiedIdentified
Identified breast Identified in human in human
Retention in cells in certical cerebrum

MT Expected Time HK-2 in this RWPE kidney brain

Isoform Sequence m/z* (min.) cells study cells tigsue tigsue

MT-1E MDPNCSCATGGSCTCAGSCK 2222.8 37.0 Yes Yes, but Yes Yes Yes
SEQ ID NO: 20 not in

all lines

MT-1F MDPNCSCAAGVSCTCAGSCK 2234.8 46.9 Yes No Yes Yes Yes
SEQ ID NO: 21

MT-1G1 MDPNCSCAAAGVSCTCASSCK 2335.9 48.2 No No Yes Yes Yes
SEQ ID NO: 22

MT-1G2 MDPNCSCAAGVSCTCASSCK 2264.8 47 .2 Yes No Yes Yes No
SEQ ID NO: 23

MT-1H MDPNCSCEAGGSCACAGSCK 2220.8 38.3 No No No Yes No
SEQ ID NO: 24

MT-1L MDPNCSCATGGSCSCASSCK 2238.8 35.8 No No No No No
SEQ ID NO: 25

MT-1M MDPNCSCTTGVSCACTGSCK 2294 .8 45.8 Yes No Yes No No
SEQ ID NO: 26

MT-1X MDPNCSCSPVGSCACAGSCK 2246.8 48 .4 Yes Yes Yes Yes Yes
SEQ ID NO: 27

MT-2 MDPNCSCAAGDSCTCAGSCK 2250.8 38.5 Yes Yes Yes Yes Yes
SEQ ID NO: 28

MT-3 MDPETCPCPSGGSCTCADSCK 2418.8 45.1 Yes No No No Yes

SEQ ID NO: 29

*m/z includes N-terminal acetylation and five 4y carbamidomethyl modifications of the Cys residues.

peptides have a m/z 5 Da greater than the m/z shown.?

The PN carbamido-methylated

*ppm errors were consistently less than 50 for all MT isoforms in experimental

runs. N-terminal tryptic MT peptides account for 30-36% sequence coverage across all isoforms.

‘MT-1G1 was not successfully

synthesized but was endogenously detected in alternative cells and tissues.

The identities of each peptide were confirmed by MSMS 40 reversed phase HPLC) reference metallothionein peptides

(FIGS. 6-23). FIGS. 6-23 show the resulting MSMS spectra
of the N-terminal acetylated tryptic peptide from each
metallothionein isoform along with their fragmentation

after labeling and purification. Final purity levels are esti-
mated to be >95% for each isoform.

tables. The fragmentation table is table of ions that can result 5 TABLE 2
when each metallothionein isoform precursor peptide (the — )
N-t. inal lated trypti tde) is f ted. Th Initial Total Normalized
-terminal acetylated tryptic pept e) 18 re.lgmen ed. € Isoform Purity (%) Tonization Tonization
shaded masses (numbers) are the b and y ions that were
experimentally detected in MSMS. When peptides fragment MT-3 73.32 265429.84 0.81
. . . . MT-1L 34.52 294155.78 0.90
in MSMS, the cleavage is typically at the peptide bond. s MT1X 9028 325968.10 1.00
N-terminal (b) and C-terminal (y) fragment are generated. MT-1H 17.65 234696.60 0.72
The difference in mass in any b or y ion series is equivalent MT-1E 44.86 273031.63 0.84
. . . - MT-1B 34.65 273031.63 0.84
to the mass of .the amino acid(s) in the peptide sequence. The MT.2 7397 15442432 0.47
more b and y ions detected, the higher the confidence in the MT-1M 25.69 126377.40 0.39
sequence identification for each peptide. For example, FIG. 55 MT-1G2 10.15 138968.18 0.43
7B is the fragmentation table of the tryptic peptide of MT-IF 12.84 163048.02 0.50
MT-1A 11.01 110516.85 0.34

heavy-labeled MT-1E, which is 20 amino acids in length.
The y ion column shows the theoretical masses of the
fragmented ions that should be observed when this peptide

These results demonstrate that all metallothionein protein

is fragmented using MSMS. The shaded numbers are the 60 isoforms can be detected that are expressed in detectable
actual experimental ions observed in the experiment. As amounts in biological sample.
shown, almost the complete y ion series was observed and Identification of Endogenous N-Terminal Metallothionein
including the 1 b ion (b18). Peptides after Enrichment.

As shown in Table 2, the ionization intensities of these Optimized one-dimensional reversed-phase chromatogra-
peptides were comparable when analyzed in the same 65 phy followed by mass spectrometry was sufficient to identify

experiment. In particular, Table 2 lists the total ionization of
0.25 pg (calculated by area under the curve analysis through

seven metallothionein isoforms in Cd-induced HK-2 human
kidney epithelial cell cytosol (FIG. 1D and FIGS. 17-23).
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Reversed-phase chromatography conditions, optimized to
capture and analyze these peptides by MALDI MS, revealed
that all peptides were separable, yet clustered in a defined
region of high m/z early-eluting precursor ions referred to as
the metallothionein zone. The fully alkylated peptides were
unusually hydrophilic for their size range, which was
between 2200 and 2500 m/z. Heat maps showed that the
metallothionein peptides were remarkably segregated
almost completely from the typical smaller early-eluting and
larger more hydrophobic peptides (data not shown). Only
three isoforms could be detected in cytosol from uninduced
cells and their signals were very weak (not shown). A second
chromatography step was used to reduce sample complexity
and get better sampling depth. Strong cation exchange
(SCX) chromatography effectively separated the metalloth-
ionein peptides, which eluted early in the gradient away
from the bulk of tryptic peptides (FIG. 24). The two-
dimensional separation of uninduced HK-2 samples
increased the sensitivity sufficiently to detect all of the
metallothioneins found in the Cd-induced sample except
MT-1M. Increasing the starting amount of cytosol from 300
ng to 800 pg did not allow detection of additional N-terminal
MT peptides.

N-Terminal Modifications of Endogenous Metallothion-
eins.

Almost all N-terminal peptides from endogenous metal-
lothioneins were N-acetylated. A small amount of unacety-
lated MT-2 (10% or less of total MT-2 signal; not shown)
was routinely detected in one-dimensional separation of
Cd-induced HK-2 cytosol. A trace amount of unacetylated
MT-1E was observed once, but not for any of the other
metallothioneins.

In addition to acetylation, early experiments showed some
truncations of the N-termini—most notably the loss of the
acetyl-Met-Asp dipeptide (not shown). Refinement of the
isolation and enrichment strategy greatly reduced the rela-
tive intensities of these truncated precursors, suggesting that
they may have been artifacts of sample preparation. The
acetyl-Met-Asp dipeptide of mammalian metallothioneins
precedes a proline residue. The Asp-Pro bond in general and
that of mammalian metallothioneins in particular are acid
labile (Landon, Meth Enzymol 47:145-149 (1977); Kojima
et al., Proc Natl Acad Sci USA 73:3413-3417 (1976);,
Kissling & Kagi, FEBS Lett 82:274-250 (1977)). This
susceptibility to cleavage may explain in part why multiple
N-terminal truncations of metallothioneins are observed in
the PeptideAtlas database (Desiere et al., Genome Biol 6:R9
(2004); Desiere et al., Nucl Acids Res 34:D655-D658
(2006).

As much as 40% of the total ion signal for a given
N-terminal metallothionein peptide was in the methionine
sulfoxide form. This is considered a high degree of oxidation
based on a recent quantitative proteomic study of intracel-
Iular methionine oxidation in human Jurkat cells (Ghes-
quiére et al., Molec Cell Proteomics 10:1-12 (2011). Though
N-terminal metallothionein peptides were not detected in
this study the acetyl-Met-Asp-Pro sequence of metallothio-
nein N-termini would classify it as highly susceptible to
oxidation based on sequence preferences revealed by this
study. The susceptibility of these peptides to oxidation was
reinforced by the observation that addition of synthetic
metallothionein peptides to cytosol caused them to achieve
a similar degree of oxidation as the corresponding endog-
enous peptides. This oxidation appeared to occur before the
chromatography steps.

For purposes of quantification, it was important to control
the variability in methionine oxidation of metallothioneins.
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Reduction with dimethyl sulfide quantitatively reverted
methionine sulfoxides to methionine, and collapsed the
metallothionein zone into single dominant precursors for
each isoform.

Validation of **N and *°N Iodoacetamide for Quantitation
of N-Terminal Metallothionein Peptides.

The enhanced sensitivity gained with two-dimensional
LC and the simplification of precursor ion complexity with
dimethyl sulfide treatment set the stage for quantitative
profiling of metallothionein isoforms. '*N-iodoacetamide
was selected as a stable isotope labeled compound because
it is commercially available, gives a cumulative mass shift
of 5 Da for N-terminal metallothionein peptides, and is
well-characterized for its cysteine-specific reactivity in pep-
tides. This reagent has probably not been used previously in
stable isotope labeling experiments because a single Dalton
mass shift would complicate quantitation due to the high
degree of isotopic envelope overlap.

The commercially available *C,-iodoacetic acid was also
tested. This compound gave a cumulative mass shift and no
isotope effects were observed (not shown). The increased
hydrophilicity introduced by the carboxylates weakened
their retention during reversed phase chromatography suf-
ficiently to compromise reproducible quantitation. Accord-
ingly, 1°N-iodoacetamide was a better reagent.

Cytosols from control and Cd-induced HK-2 cells were
alkylated with '*N-iodoacetamide (light) and the Cd-in-
duced sample is alkylated with ‘*N-iodoacetamide (heavy)
respectively. Equal amounts were mixed and proteins were
digested with trypsin. The N-terminal metallothionein pep-
tides were enriched as described in the methods (Example 1)
and analyzed by MALDI-TOF/TOF MS. FIG. 1A illustrates
the isotopic envelopes for the light (**N, grey lines) and
heavy labeled (*°N, black lines) N-terminal acetylated tryp-
tic peptides of M'T-2 precursor ions. As expected, a 5 Da
shift between the light (m/z 2250.7) and heavy (m/z 2255.7)
monoisotopic peaks was observed. The monoisotopic peak
intensities for the light and heavy precursors were plotted
after correcting for isotopic overlap and purity of the >N
label (FIG. 1B). The 1:1 ratio of light to heavy monoisotopic
peak intensities across the entire MT2 peak indicates that
there is no isotope effect on the chromatographic behavior of
the light and heavy-labeled metallothionein peptides. This
reproducibility was maintained for all observed N-terminal
metallothionein peptides (FIG. 1C).

The sensitivity and dynamic range of the relative quan-
titation assay was determined next. A serial dilution of light
cytosol was mixed with a constant amount of heavy cytosol
and the samples were digested, fractionated and analyzed as
before. A 1:1 correlation was observed for experimental vs.
theoretical light/heavy MT2 ratio over two orders of mag-
nitude (FIG. 2). The signal-to-noise ratio for these samples
ranged from 3.24 to 109.33.

Quantitation of Metallothionein mRNA and Protein
Expression in Cd**-Exposed HK-2 Cells.

Metallothioneins in the kidney, and in particular the
proximal tubule epithelia, are highly responsive to Cd**
exposure. Consequently, there has been much effort to
evaluate metallothioneins as potential biomarkers for heavy
metal toxicity. The immortalized HK-2 human proximal
epithelial cell line is a convenient model for studying
proximal tubule cell function (Ryan et al., Kidney Int 45:48-
57 (1994)). In contrast to human proximal tubule cells,
HK-2 cells have lost expression of M'T-3. Restoration of this
gene causes the cells to dome and exhibit vectorial active
transport similar to human proximal tubule (HPT) cells
grown in culture (Kim et al., Kidney Int. 61: 464-472
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(2002)). The mRNA expression of human proximal tubule
cells have been qualitatively evaluated by reverse transcrip-
tion PCR (Hoey et al., Toxicol Lett 92:149-160 (1997);
Garrett et al., Environ Health Perspect 106:587-595 (1998))
and Northern blot analysis (Bylander et al., Toxicol Lett
71:111-122 (1994); Bylander et al., Toxicol Lett 76:209-217
(1995)). Combined, these studies paint a broad picture of
metallothionein isoform mRNA expression of MT-3,
MT-2A, MT-1A, MT-1E, MT-1F, and MT-1X, and possibly
MT-1G. Of these, at least MT-1A, MT-1E are induced by
Cd** exposure. Protein expression is induced at least 30-fold
upon three-day exposure to Cd**. However, prior protein
determination methods could not distinguish between iso-
forms to ascertain which ones contribute to overall metal-
lothionein protein levels.

Real-time quantitative PCR and the mass spectrometry-
based metallothionein isoform assay described herein were
used to quantitatively evaluate metallothionein mRNA and
protein levels in HK-2 cells.

FIG. 4B shows the mRNA expression levels of human
metallothionein isoforms in HK-2 MT-3 cells as determined
by quantitative real-time PCR. Table 3 shows the absolute
normalized mRNA levels for each metallothionein isoform
detected in control and Cd-induced HK-2 MT-3 cells. The
values shown are the average metallothionein transcripts/
1000 18S rRNA £S.D. and represent three biological repli-
cates. Fold inductions were calculated by comparing levels
of each MT isoform from Cd-treated cells to that of the
metallothionein levels found in the control.

TABLE 3

mRNA Expression Levels

Control Cd-treated Fold Induction
MT-1M 0.0021 = .0006 0.0031 = .0001 1.5
MT-3 0.0013 = .0002 0.0022 = .0002 1.7
MT-1X 0.0069 = .0023 0.0351 = .0084 5.1
MT-1G2 0.0027 = .0003 0.0135 = .0008 49
MT-1F 0.0027 = .0004 0.0085 = .0021 3.1
MT-1E 0.1078 = .0259 0.3265 = .0572 3.0
MT-2 0.0352 = .0091 0.1090 = .0265 3.1

As shown in FIG. 4B MT1-E and MT-2A were the most
abundant mRNA species detected in HK-2 MT-3 cells.
These results are consistent with prior analyses of metallo-
thionein mRNA expression in proximal human tubule cells
with respect to MT1-E and MT-2A being the most abundant
mRNA species. However, unlike previous studies, MT-1A
was not observed in the quantitative real-time PCR per-
formed as described herein. In addition, unlike previous
studies, low levels of MT-IM mRNA were detected in
uninduced cells.

However, MT-1M protein was not detected in uninduced
HK-2 MT-3 cells (FIG. 4A), suggesting that MT-1M may be
translated at levels below the threshold of detection. More-
over, the relative order of metallothionein isoform abun-
dance differs when evaluating mRNA and protein expres-
sion. For example, MT1E is the most abundant mRNA while
MT?2 is the most abundant protein (compare FIGS. 4A and
4B). Cadmium-induced mRNA and protein levels were
comparable for MT1G2, MT1X, MT2 and MT3, but protein
induction was substantially greater than mRNA induction
for MT1E and MT1F (Table 4).
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TABLE 4

Comparison of Metallothionein mRNA and Protein Levels

Protein mRNA

Absolute Relative Transcripts
Isoform Fold Induction Fold Induction Fold Induction
MT-3 1.7 £ 0.1 1.8 0.2 1.7 £ 0.1
MT-1X 5.6 £0.9 47+ 1.8 51 +04
MT-1G2 52+05 54+13 49 = 0.6
MT-1F 12.0 £ 2.8 9919 3.1 03
MT-1E 6.2 + 1.1 59+05 3.0£04
MT-2 48 1.1 43 +09 3.1 +£09

These results indicate that metallothionein isoforms may

exhibit differential post-transcriptional mRNA stability, dif-
ferential translation, or differential protein degradation upon
metal induction.

MT Isoform Expression in HK-2 MT-3 Cells: Absolute
Quantitation.

The **N-labeled synthetic MT peptides described earlier
were used as internal standards to determine the absolute
amount of human MT isoforms in HK-2 MT-3 cells. A
cocktail containing seven N-terminal MT peptides observed
in HK-2 MT-3 cells was added to cytosols that had been
alkylated with **N-iodoacetamide. The spiked cytosols were
then trypsin-digested and the N-terminal MT peptides were
enriched and analyzed as above. Metallothionein isoforms
were quantified for both control and Cd-induced cells. Table
5 provides absolute metallothionein protein levels for each
isoform detected in control and Cd-induced HK-2 MT-3
cells. Fold inductions were calculated by comparing levels
of each metallothionein isoform from Cd-treated cells to that
of the metallothionein levels found in the control.

TABLE 5
Absolute Metallothionein Protein Levels
Control Cd-treated Fold Induction
MT-1M A 0.3757 = .1257 —
MT-3 0.6013 = .0431 1.0544 = .1550 1.8
MT-1X 0.3486 = .0639 1.6396 = .2841 4.7
MT-1G2 0.1513 £ .0212 0.8253 = .1717 55
MT-1F 0.1083 = .0030 1.0742 = .1912 9.9
MT-1E 0.4150 = .0181 24364 = .1187 5.9
MT-2 1.6955 = .2169 7.2757 = .5457 4.3
The values in Table 5 are the average ng/ug+S.D. and

represent three biological replicates. The symbol A indicates
no isoform was detected.

The fold-induction values for individual metallothionein
isoforms determined by the absolute method (Table 5) were
comparable to those measured by the relative method (Table
4). The 300 ng of total cytosolic protein used for each
experiment was equivalent to the cytosolic protein content
of ~3.7x10° cells. Assuming a volume of 0.1 pL per cell, the
intracellular concentration for the seven detected metalloth-
ionein isoforms ranged from 0.03 for MT-1F in uninduced
cells to 2 mM for MT-2 in Cd**-induced cells (0.11 and 7.28
ng per pg total protein respectively). The six metallothion-
eins detected in the uninduced cells accounted for 0.33% of
total protein whereas the seven metallothioneins detected in
Cd-induced cells accounted for 1.46% of the total cytosolic
protein.
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Quantitation of Metallothionein Isoforms in Human
Breast Epithelial Cancer Cells.

Previous studies have shown that the expression of met-
allothionein mRNA was limited to MT-2, MT-1E and
MT-1X in human breast ductal epithelia and from sponta-
neously immortalized and cancer cell lines derived from
human breast epithelia (Friedline et al. Am J Pathol 152:
23-27 (1998); Gurel et al., Toxicol Sci 85:906-915 (2005)).
Cancer cell lines were further distinguished by the much
higher expression of these isoforms in estrogen receptor-
negative cells compared to estrogen receptor-positive cells
(Friedline et al 1998). Antibody-based methods showed a
similar increase in general MT1/2 protein expression. These
mRNA and protein expression results were semi-quantita-
tive. This cancer model system was selected as a test case to
compare quantities of metallothionein isoform-specific
mRNA and protein expression.

Quantitative real-time PCR showed that mRNA expres-
sion was limited to MT-2, MT-1E and MT-1X in the estrogen
receptor-negative Hs-578T and MDA-MB-231 cancer cell
lines and in the spontaneously immortalized non-tumori-
genic MCF-10A cells (FIG. 5B, Table 6).

TABLE 6

Metallothionein mRNA Expression in Cancer Cells

Fold Fold Fold
MT-1X  Change MT-1E Change MT-2A  Change

MCF-7 0.0016 = 0.3 A — 0.0058 = 0.3
.0006 .0030

T-47  0.0003 = 0.1 A — 0.0012 = 0.1
.0002 .0009

HS578T 0.0131 = 2.0 0.0535 = 2.0 0.1183 = 5.4
.0040 .0075 .0138

231 0.0044 = 0.7 0.0513 = 1.9 0.0670 = 3.0
.0009 .0338 .0170

MCF-  0.0065 = 1.0 0.0272 = 1.0 0.0220 = 1.0
10A .0002 .0068 .0048

Transcript levels in this study spanned a 400-fold dynamic
range. However, only MT-2 mRNA and MT-1X mRNA were
detected in estrogen receptor-positive MCF-7 and T47D cell
lines. The estrogen receptor-negative cell lines had charac-
teristically more metallothionein mRNA expression than
their estrogen-receptor-positive counterparts. These general
observations are consistent with the previously published
qualitative data on the same cell lines (Friedline et al 1998;
Gurel et al 2005).

Preliminary screening for N-terminal metallothionein
peptides by mass spectrometry revealed the same metallo-
thionein isoforms might be detected as protein as were
detected as mRNA, including the restriction of MT-1E
expression to estrogen receptor-negative cell lines. Hence,
the MT-2, MT-1E, and MT-1X isoforms were quantified
using ’N-labeled MT-2, MT-1E, and MT-1X peptides as
internal standards (FIG. 5A, Table 7).

TABLE 7

Metallothionein Protein Expression in Cancer Cells

Fold Fold Fold
MT-1X  Change MT-1E Change MT-2A  Change
MCF-7 0.0754 = 1.1 A — 0.1354 = 0.3
.0079 L0520
T-47D  0.0500 = 0.8 A — 0.1350 = 0.3
.0020 .0409
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TABLE 7-continued

Metallothionein Protein Expression in Cancer Cells

Fold Fold Fold
MT-1X  Change MT-1E  Change MT-2A  Change

HS578T 0.2888 = 4.4 0.2441 = 35 1.9436 = 3.9
0564 .1003 5578

231 0.1602 = 2.4 0.3387 = 4.8 1.4163 = 2.8
0172 09356 2516

MCF-  0.0663 = 1.0 0.0707 = 1.0 0.5022 = 1.0
10A .0188 .0130 1556

The dynamic range of individual metallothionein isoform
expression was 38-fold. The dynamic range of total metal-
lothionein isoform expression was 13-fold. This is seven
times greater than the 1.8-fold dynamic range in MT-1/2
expression observed earlier with antibody-based methods
(Friedline et al 1998).

Even though the dynamic range of protein expression is
greatly increased with mass spectrometry-based quantita-
tion, it is still much less than the mRN A dynamic range. This
appears to be due primarily to the much lower protein-to-
transcript ratio of MT-1E compared to either MT-1X or to
MT-2A. Normalizing these ratios to MT-2A and taking the
mean of ratios across all cell lines tested shows that the
MT-1X ratio is comparable to that of MT-2A (1.4£0.23,
n=5). In contrast, the relative translational efficiency of
MT-1E is one-sixth that of MT-1X (0.23+£0.09, n=3). The
MT-1E isoform represents 30 to 50% of all metallothionein
transcripts but only 10 to 18% of all MT protein in estrogen
receptor-negative cell lines.

In conclusion, MT-1E is not translated into protein in
estrogen-responsive cells, but is actively transcribed in
estrogen receptor-negative cells. The expression efficiency
of MT-1E protein relative to mRNA is therefore reduced
relative to the two other metallothionein isoforms that are
expressed in all breast cancer cell lines tested.
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All patents and publications referenced or mentioned
herein are indicative of the levels of skill of those skilled in
the art to which the invention pertains, and each such
referenced patent or publication is hereby specifically incor-
porated by reference to the same extent as if it had been
incorporated by reference in its entirety individually or set
forth herein in its entirety. Applicants reserve the right to
physically incorporate into this specification any and all
materials and information from any such cited patents or
publications.

The specific methods, molecules and compositions
described herein are representative of preferred embodi-
ments and are exemplary and not intended as limitations on
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the scope of the invention. Other objects, aspects, and
embodiments will occur to those skilled in the art upon
consideration of this specification, and are encompassed
within the spirit of the invention as defined by the scope of
the claims. It will be readily apparent to one skilled in the art
that varying substitutions and modifications may be made to
the invention disclosed herein without departing from the
scope and spirit of the invention.

The invention illustratively described herein suitably may
be practiced in the absence of any element or elements, or
limitation or limitations, which is not specifically disclosed
herein as essential. The methods and processes illustratively
described herein suitably may be practiced in differing
orders of steps, and the methods and processes are not
necessarily restricted to the orders of steps indicated herein
or in the claims.

As used herein and in the appended claims, the singular
forms “a,” “an,” and “the” include plural reference unless
the context clearly dictates otherwise. Thus, for example, a
reference to “an isomer” or “a method” or “a disease”
includes a plurality of such isomers, methods or diseases,
and so forth. In this document, the term “or” is used to refer
to a nonexclusive or, such that “A or B” includes “A but not
B,” “B but not A,” and “A and B,” unless otherwise
indicated.

Under no circumstances may the patent be interpreted to
be limited to the specific examples or embodiments or
methods specifically disclosed herein. Under no circum-
stances may the patent be interpreted to be limited by any
statement made by any Examiner or any other official or
employee of the Patent and Trademark Office unless such
statement is specifically and without qualification or reser-
vation expressly adopted in a responsive writing by Appli-
cants.

The terms and expressions that have been employed are
used as terms of description and not of limitation, and there
is no intent in the use of such terms and expressions to
exclude any equivalent of the features shown and described
or portions thereof, but it is recognized that various modi-
fications are possible within the scope of the invention as
claimed. Thus, it will be understood that although the
present invention has been specifically disclosed by pre-
ferred embodiments and optional features, modification and
variation of the concepts herein disclosed may be resorted to
by those skilled in the art, and that such modifications and
variations are considered to be within the scope of this
invention as defined by the appended claims and statements
of the invention.

The invention has been described broadly and generically
herein. Each of the narrower species and subgeneric group-
ings falling within the generic disclosure also form part of
the invention. This includes the generic description of the
invention with a proviso or negative limitation removing any
subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein. In addi-
tion, where features or aspects of the invention are described
in terms of Markush groups, those skilled in the art will
recognize that the invention is also thereby described in
terms of any individual member or subgroup of members of
the Markush group.

The following statements describe some of the elements
or features of the invention.

Statements:

1. A method comprising quantifying an amount of a
metallothionein isomer peptide in a test sample by mass
spectroscopy, wherein the metallothionein isomer pep-
tide is an N-terminal peptide from cleavage of a met-
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allothionein protein isomer selected from the group
consisting of metallothionein-1A, metallothionein-1B,
metallothionein-1E, metallothionein-1F, metallothion-
ein-1G1, metallothionein-1G2, metallothionein-1H,
metallothionein-1L, metallothionein-1M, metallothio-
nein-1X, metallothionein-2, metallothionein-3, and
metallothionein-4.

2. The method of statement 1, wherein the test sample is

a tissue sample, cell sample, biological fluid sample,
tissue biopsy, cultured cell sample, fixed tissue sample,
fixed cell sample, or a combination thereof

3. The method of statement 1 or 2, wherein the test sample

is whole blood, bone marrow, blood serum, blood
plasma, buffy coat preparations, saliva, cerebrospinal
fluid, cellular cytosol, urine, sweat, tears, feces, saliva,
seminal plasma, nipple aspirate fluid, nipple discharge,
pancreatic juice, or a combination thereof

4. The method of any of statements 1-3, wherein the test

sample is a fresh, formalin fixed, frozen or lyophilized
sample.

5. The method of any of statements 1-4, wherein proteins

in the test sample are denatured before quantifying the
amount of a metallothionein isomer peptide in the test
sample.

6. The method of any of statements 1-5, wherein proteins

in the test sample are denatured with a chaotropic agent
before quantifying the amount of a metallothionein
isomer peptide in the test sample.

7. The method of any of statements 1-6, wherein proteins

in the test sample are denatured with a denaturant
selected from the group consisting of urea, a guani-
dinium salt, an ammonium salt, a lithium salt, a cesium
salt, a rubidium salt, a potassium salt, an iodide salt,
and any combination thereof, before quantifying the
amount of a metallothionein isomer peptide in the test
sample.

8. The method of any of statements 1-7, wherein the test

sample, or at least one protein from the test sample, is
mixed with a reducing agent before quantifying the
amount of a metallothionein isomer peptide in the test
sample.

9. The method of any of statements 1-8, wherein the test

sample, or at least one protein from the test sample, is
mixed with a reducing agent selected from the group
consisting of dithiothreitol, 2-mercaptoethanol, tris(2-
carboxyethyl)phosphine, and any combination thereof,
before quantifying the amount of a metallothionein
isomer peptide in the test sample.

10. The method of any of statements 1-9, wherein the test
sample, or at least one protein from the test sample, is
alkylated with an alkylating agent before quantifying
the amount of a metallothionein isomer peptide in the
test sample.

11. The method of any of statements 1-10, wherein the test
sample, or at least one protein from the test sample, is
alkylated with an alkylating agent selected from the
group consisting of iodoacetamide, iodoacetic acid and
a combination thereof, before quantifying the amount
of a metallothionein isomer peptide in the test sample.

12. The method of any of statements 1-11, wherein the test
sample, or at least one protein from the test sample, is
labeled, before quantifying the amount of a metalloth-
ionein isomer peptide in the test sample.

13. The method of any of statements 1-12, wherein the
test sample, or at least one protein from the test sample,
is labeled with a label that shifts the mass of the
metallothionein isomer peptide by 1 to 10 daltons per
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cysteine, or by 1 to 5 daltons per cysteine, or by 1 to 4 24. The method of any of statements 1-23, wherein the
daltons per cysteine, or by 1 to 3 daltons per cysteine, metallothionein isomer peptide is an alkylated peptide,
or by 1 to 2 daltons per cysteine before quantifying the where the peptide portion has a sequence selected from
amount of a metallothionein isomer peptide in the test any of SEQ ID NO:18-29.
sample. 5 25. The method of any of statements 1-24, wherein
14. The method of any of statements 1-13, wherein the quantifying the amount of a metallothionein isomer
test sample, or at least one protein from the test sample, peptide in a test sample comprises comparing the
is labeled with a stable isotope selected from the group metallothionein isomer peptide mass spectrum peak
consisting of *C, '°N, and deuterium, before quanti- height or size with a control or standard peak height or
fying the amount of a metallothionein isomer peptide in 10 size.
the test sample. 26. The method of any of statements 1-25, wherein
15. The method of any of statements 1-14, wherein the quantifying the amount of a metallothionein isomer
test sample, or at least one protein from the test sample, peptide in a test sample comprises comparing the
is labeled with *°N, before quantifying the amount of a 15 metallothionein isomer peptide mass spectrum peak
metallothionein isomer peptide in the test sample. height or size with an unlabeled control peak height or
16. The method of any of statements 1-15, wherein the size.
test sample, or at least one protein from the test sample, 27. The method of any of statements 1-26, wherein
is cleaved, before quantifying the amount of a metal- quantifying the amount of a metallothionein isomer
lothionein isomer peptide in the test sample. 20 peptide in a test sample comprises comparing the
17. The method of any of statements 1-16, wherein the metallothionein isomer peptide mass spectrum peak
test sample, or at least one protein from the test sample, height or size with a labeled control peak height or size.
is cleaved to generate one or more metallothionein 28. The method of any of statements 1-27, further com-
isomer peptides, before quantifying the amount of a prising subjecting a control sample to each step per-
metallothionein isomer peptide in the test sample. 25 formed on the test sample.
18. The method of any of statements 1-17, wherein the 29. The method of any of statements 1-28, further com-
test sample, or at least one protein from the test sample, prising subjecting proteins or peptides from a control

sample to each step performed on the test sample, or to
each step performed on proteins or metallothionein

30 isomer peptides from the test sample.
30. The method of any of statements 1-25, wherein a
known amount of a detectable standard is added to the

is cleaved with an agent selected from the group
consisting of trypsin, Lys-C, Lys-N, Glu-C, chy-
motrypsin, pepsin, thermolysin, papain, Arg-C, Asp-N
and cyanogen bromide, to generate one or more met-
allothionein isomer peptides, before quantifying the

N A test sample.
amount of a metallothionein isomer peptide in the test 31. The method of any of statements 1-25 or 30, wherein
sample. 35 quantifying the amount of a metallothionein isomer

19. The method of any of statements 1-18, wherein the

: peptide in a test sample comprises comparing a labeled
test sample, or at least one protein from the test sample,

metallothionein isomer peptide mass spectrum peak

is cleaved with trypsin, to generate one or more met- height or size with an unlabeled standard peak height or

allothionein isomer peptides, before quantifying the size.

amount of a metallothionein isomer peptide in the test 49 32, The method of any of statements 1-25 or 30, wherein

sample. quantifying the amount of a metallothionein isomer
20. The method of any of statements 1-19, wherein the peptide in a test sample comprises comparing the

test sample, or at least one protein or metallothionein metallothionein isomer peptide mass spectrum peak

isomer peptide from the test sample, is separated from height or size with a labeled standard peak height or

an impurity, before quantifying the amount of a met- 45 size.

allothionein isomer peptide in the test sample. 33. The method of any of statements 1-32, wherein the
21. The method of any of statements 1-20, wherein the amount of more than one metallothionein isomer pep-

test sample, or at least one protein or metallothionein tide is quantified.

34. The method of any of statements 1-33, wherein the
50 amounts of two or more metallothionein isomer pep-
tides are simultaneously quantified.

35. The method of any of statements 1-34, wherein the
amount of more than one metallothionein protein iso-
mer in the test sample is about 0.05 ng to 10 ng per ug

55 total protein in the test sample.
36. The method of any of statements 1-35, which can
quantify as little as 0.05 ng to 2 ng metallothionein protein
isomer per ug total protein in the test sample.

isomer peptide from the test sample, is separated from
an impurity by high pressure liquid chromatography,
gel filtration, ion exchange chromatography, affinity
chromatography, hydrophobic interaction chromatog-
raphy, reversed phase chromatography, or a combina-
tion thereof, before quantifying the amount of a met-
allothionein isomer peptide in the test sample.

22. The method of any of statements 1-21, wherein the
test sample, or at least one protein or metallothionein

isomer peptide from the test sample, is separated from 37. A method comprising:

an impurity by high pressure liquid chromatography, 4o a. alkylating peptide cysteine residues in a test mixture
ion exchange chromatography, reversed phase chroma- of peptides with an alkylating agent, after reduction
tography, or a combination thereof, before quantifying of the peptides” disulfide bonds and/or the peptides’
the amount of a metallothionein isomer peptide in the oxidized sulthydryls, to generate alkylated metallo-
test sample. thionein isomeric peptides in a mixture of alkylated

23. The method of any of statements 1-22, wherein the 65 mixture of peptides;
metallothionein isomer peptide has a sequence selected b. enriching the alkylated metallothionein isomeric

from any of SEQ ID NO:18-29. peptides in the alkylated mixture of peptides by
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removal of undesired peptides to generate an
enriched pool of alkylated metallothionein isomeric
peptides;

c. quantifying one or more alkylated metallothionein
isomeric peptides in the enriched pool of metalloth-
ionein isomer peptides by mass spectrometric deter-
mination;

wherein the one or more alkylated metallothionein
isomeric peptides is an N-terminal peptide from
cleavage of an alkylated metallothionein protein
isomer selected from the group consisting of metal-
lothionein-1A, metallothionein-1B, metallothionein-
1E, metallothionein-1F, metallothionein-1G1, metal-
lothionein-1G2, metallothionein-1H,
metallothionein-1L, metallothionein-1M, metalloth-
ionein-1X, metallothionein-2, metallothionein-3,
metallothionein-4, and a combination thereof

38. The method of statement 37, wherein the alkylating
agent is selected from the group consisting of iodoac-
etamide, iodoacetic acid and a combination thereof

39. The method of any of statements 37-38, wherein
removal of undesired peptides comprises ion exchange
matrix and/or reverse phase chromatography.

40. The method of any of statements 37-39, wherein
removal of undesired peptides comprises retention and/
or elution from a strong cation exchange matrix.

41. The method of any of statements 37-40, wherein
removal of undesired peptides comprises retention and/
or elution from reverse phase chromatography matrix.

42. The method of statement 37 or 38, further comprising
labeling peptides during step a.

43. The method of any of statements 37-42, wherein the
alkylating agent also labels peptide cysteine residues
with a label.

44. The method of any of statements 37-41, further
comprising quantifying a labeled standard peptide in
step ¢, where the labeled standard peptide is present in
the test mixture of peptides of step a.

45. A method comprising:

a. mass spectroscopy quantification of one or more
metallothionein isomeric peptides in a test sample
obtained from a subject, to determine a quantified
amount of at least one metallothionein protein iso-
mer in the test sample;

b. comparing the quantified amount of at least one
metallothionein protein isomer to a healthy control
amount of that type of metallothionein protein iso-
mer to determine whether the subject has a disease;
wherein each of the one or more metallothionein

isomeric peptides is an N-terminal peptide from
cleavage of a metallothionein isomer selected
from the group consisting of metallothionein-1A,
metallothionein-1B, metallothionein-1E, metallo-
thionein-1F, metallothionein-1G1, metallothion-
ein-1G2, metallothionein-1H, metallothionein-1L,
metallothionein-1M, metallothionein-1X, metal-
lothionein-2, metallothionein-3, metallothionein-
4, and a combination thereof

46. The method of statement 45, further comprising
treating the disease when the quantified amount of
metallothionein protein isomer is significantly different
from the healthy control amount of that type of met-
allothionein protein isomer.

47. The method of statement 45 or 46, further comprising
treating the disease when the quantified amount of
metallothionein protein isomer is at least 10%, or at
least 20%, or at least 30%, or at least 40%, or at least
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50%, or at least 60%, or at least 70%, or at least 80%,
or at least 90% different from the healthy control
amount of that type of metallothionein protein isomer.

48. The method of any of statements 45-47, further
comprising treating the disease when the quantified
amount of metallothionein protein isomer is at least
2-fold, or at least 5-fold different from the healthy
control amount of that type of metallothionein protein
isomer.

49. The method of any of statements 45-48, wherein the
test sample is a tissue sample, cell sample, biological
fluid sample, tissue biopsy, cultured cell sample, fixed
tissue sample, fixed cell sample, or a combination
thereof; and the healthy control is of the same tissue or
cell type.

50. The method of any of statements 45-49, wherein the
disease is cancer or heavy metal poisoning.

51. The method of any of statements 45-50, wherein the
disease is an invasive or metastatic cancer.

52. method of any of statements 45-51, wherein the
disease is a breast cancer, colon cancer, lung cancer,
prostate cancer, ovarian cancer, bladder cancer, ductal
carcinoma, nasopharyngeal carcinoma, colorectal can-
cer, thyroid carcinoma, hepatocellular carcinoma, leu-
kemia, lymphoma, melanoma, fibrosarcoma, neuro-
blastoma, autoimmune deficiency syndrome-associated
Kaposi’s sarcoma, adrenal cortex cancer, pheochromo-
cytoma, cervical cancer, endometrial cancer, esopha-
geal cancer, liver cancer, pancreatic cancer, prostate
cancer, thymus cancer, chronic lymphocytic leukemia,
Ewing’s sarcoma, gestational trophoblastic tumor,
hepatoblastoma, multiple myeloma, non-small cell
lung cancer, retinoblastoma, or bone cancer.

53. The method of any of statements 37-52, which can
identify and quantify as little as 0.05 ng to 2 ng
metallothionein protein isomer per ug total protein in
the test sample.

54. A kit comprising (a) one or more components, each
component comprising one or more reagents for detect-
ing and/or quantifying metallothionein protein isomers,
and (b) instructions for using the kit and its compo-
nents.

55. The kit of statement 54, comprising one or more
components selected from one or more components for
processing tissues or cells, one or more components for
preparing the proteins in a test sample for analysis,
and/or one or more components containing a reference
peptide or a standard peptide.

56. The kit of statement 54 or 55, wherein the one or more
components for processing tissues or cells are selected
from tissue or cell stabilizing agents, protease inhibi-
tors, protein denaturing agents (or a mixture of agents
for denaturing proteins), reducing agents, buffers,
diluents, small spin columns for removal of undesired
materials from test samples, or a combination thereof

57. The kit of any of statements 54-56, wherein the one or
more components for preparing the proteins in a test
sample for analysis are selected from one or more
reducing agents, one or more alkylating agents, one or
more labeling agents, one or more proteases, one or
more small spin columns for removal of undesired
impurities, one or more small spin columns for enrich-
ment of metallothionein proteins or peptides, one or
more buffers for separation and/or enrichment of met-
allothionein peptides, one or more chromatography
matrices, one or more chromatography columns, and
combinations thereof.
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58. The kit of any of statements 54-57, wherein the one or
more components comprise one or more reference
peptides or one or more standard peptides.

59. The kit of any of statements 54-58, wherein the one or

more components comprise one or more reference ;

peptides or one or more standard peptides, and at least
one reference peptide or at least one standard peptide is
labeled.

60. The kit of any of statements 54-59, wherein the one or
more components comprise one or more reference

44

tinguishing one or more metallothionein protein or one
or more peptide isomer from another.

64. The kit of any of statements 54-63, wherein the
instructions provide information for identifying or dis-
tinguishing each metallothionein protein or peptide
isomer from another peptide isomer or all other peptide
isomers in a test sample.

65. The kit of any of statements 54-64, wherein the
instructions provide information for diagnosing dis-

: : 10
peptides or one or more standard peptides, and each ease.
reference peptide or standard peptide is provided at a 66. The kit of any of statements 54-65, wherein the
%pe(:imﬁed concentra}lo(r; (efg., in solution) or as a speci- instructions provide information for identifying and/or
61 fi[hamlgiltlm f(e.g., n £ ri’ tonn).t 5450, wherein th diagnosing cancer or heavy metal toxicity when one or
. e kit ol any of statements 4-o%, wherein the 5 more metallothionein protein isomers is detected in a
instructions provide information for performing any the -
test sample, or when a specified amount or concentra-
methods of statements 1-56. tion of one or more protein metallothionein protein
62. The kit of any of statements 54-61, wherein the . . °p P
: . L . . isomers is detected in a test sample.
instructions provide information for performing test ] ) )
sample isolation, protein denaturation, reduction, alky- 67. The kit of any of statements 54-66, wherein the kit
lation, labeling, protease digestion, peptide separation, 20 serves as a companion diagnostic for detection or
metallothionein peptide enrichment, quantitative mass monitoring of diseases such as cancer, toxic exposure,
spectrometry, use of reference or standard peptides, and heavy metal poisoning, or the development of metal
combinations of such steps. toxicity induced by platinum-based chemotherapies.
63. The kit of any of statements 54-62, wherein the 68. The kit of any of statements 54-67, wherein each
instructions provide information for identifying or dis- component is a separate vial or container.
SEQUENCE LISTING
<160> NUMBER OF SEQ ID NOS: 42
<210> SEQ ID NO 1
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 1
Met Asp Pro Asn Cys Ser Cys Ala Thr Gly Gly Ser Cys Thr Cys Thr
1 5 10 15
Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Met Ser Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Ile Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 2
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 2
Met Asp Pro Asn Cys Ser Cys Thr Thr Gly Gly Ser Cys Ala Cys Ala
1 5 10 15
Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Cys
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Val Cys Lys Gly Ser Ser Glu Lys Cys Arg Cys Cys Ala
50 55 60
<210> SEQ ID NO 3
<211> LENGTH: 61

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens
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-continued
<400> SEQUENCE: 3
Met Asp Pro Asn Cys Ser Cys Ala Thr Gly Gly Ser Cys Thr Cys Ala
1 5 10 15
Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Val Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 4
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 4
Met Asp Pro Asn Cys Ser Cys Ala Ala Gly Val Ser Cys Thr Cys Ala
1 5 10 15
Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ser Lys Cys Ala Gln Gly Cys
35 40 45
Val Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Asp
50 55 60
<210> SEQ ID NO 5
<211> LENGTH: 62
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 5
Met Asp Pro Asn Cys Ser Cys Ala Ala Ala Gly Val Ser Cys Thr Cys
1 5 10 15
Ala Ser Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys
20 25 30
Ser Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly
35 40 45
Cys Ile Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 6
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 6
Met Asp Pro Asn Cys Ser Cys Ala Ala Gly Val Ser Cys Thr Cys Ala
1 5 10 15
Ser Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Ile Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60

<210> SEQ ID NO 7
<211> LENGTH: 61
<212> TYPE: PRT
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<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 7

Met Asp Pro Asn Cys Ser Cys Glu Ala Gly Gly Ser Cys Ala Cys Ala
1 5 10 15

Gly Ser Cys Lys Cys Lys Lys Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30

Cys Cys Ser Cys Cys Pro Leu Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45

Ile Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60

<210> SEQ ID NO 8

<211> LENGTH: 61

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 8

Met Asp Pro Asn Cys Ser Cys Ala Thr Gly Gly Ser Cys Ser Cys Ala
1 5 10 15

Ser Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30

Cys Cys Ser Cys Cys Pro Met Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45

Val Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60

<210> SEQ ID NO 9

<211> LENGTH: 61

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 9

Met Asp Pro Asn Cys Ser Cys Thr Thr Gly Val Ser Cys Ala Cys Thr
1 5 10 15

Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30

Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala His Gly Cys
35 40 45

Val Cys Lys Gly Thr Leu Glu Asn Cys Ser Cys Cys Ala
50 55 60

<210> SEQ ID NO 10

<211> LENGTH: 61

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 10

Met Asp Pro Asn Cys Ser Cys Ser Pro Val Gly Ser Cys Ala Cys Ala
1 5 10 15

Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30

Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45

Ile Cys Lys Gly Thr Ser Asp Lys Cys Ser Cys Cys Ala
50 55 60

<210> SEQ ID NO 11
<211> LENGTH: 61
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<212> TYPE: PRT
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 11

Met Asp Pro Asn Cys Ser Cys Ala Ala Gly Asp Ser Cys Thr Cys Ala
1 5 10 15

Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30

Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45

Ile Cys Lys Gly Ala Ser Asp Lys Cys Ser Cys Cys Ala
50 55 60

<210> SEQ ID NO 12

<211> LENGTH: 68

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 12

Met Asp Pro Glu Thr Cys Pro Cys Pro Ser Gly Gly Ser Cys Thr Cys
1 5 10 15

Ala Asp Ser Cys Lys Cys Glu Gly Cys Lys Cys Thr Ser Cys Lys Lys
20 25 30

Ser Cys Cys Ser Cys Cys Pro Ala Glu Cys Glu Lys Cys Ala Lys Asp
35 40 45

Cys Val Cys Lys Gly Gly Glu Ala Ala Glu Ala Glu Ala Glu Lys Cys

Ser Cys Cys Gln
65

<210> SEQ ID NO 13

<211> LENGTH: 62

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 13

Met Asp Pro Arg Glu Cys Val Cys Met Ser Gly Gly Ile Cys Met Cys
1 5 10 15

Gly Asp Asn Cys Lys Cys Thr Thr Cys Asn Cys Lys Thr Cys Arg Lys
20 25 30

Ser Cys Cys Pro Cys Cys Pro Pro Gly Cys Ala Lys Cys Ala Arg Gly
35 40 45

Cys Ile Cys Lys Gly Gly Ser Asp Lys Cys Ser Cys Cys Pro
50 55 60

<210> SEQ ID NO 14

<211> LENGTH: 14

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 14

gggcctagca gtecg 14
<210> SEQ ID NO 15

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 15

tggctcagta tcgtattg 18
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<210> SEQ ID NO 16

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 16

cgccgctaga ggtgaaatte 20

<210> SEQ ID NO 17

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 17

ttggcaaatg ctttcgcte 19

<210> SEQ ID NO 18

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 18

Met Asp Pro Asn Cys Ser Cys Ala Thr Gly Gly Ser Cys Thr Cys Thr
1 5 10 15

Gly Ser Cys Lys
20

<210> SEQ ID NO 19

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 19

Met Asp Pro Asn Cys Ser Cys Thr Thr Gly Gly Ser Cys Ala Cys Ala
1 5 10 15

Gly Ser Cys Lys
20

<210> SEQ ID NO 20

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 20

Met Asp Pro Asn Cys Ser Cys Ala Thr Gly Gly Ser Cys Thr Cys Ala
1 5 10 15

Gly Ser Cys Lys
20

<210> SEQ ID NO 21

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 21

Met Asp Pro Asn Cys Ser Cys Ala Ala Gly Val Ser Cys Thr Cys Ala
1 5 10 15

Gly Ser Cys Lys
20

<210> SEQ ID NO 22
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<211> LENGTH: 21
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 22

Met Asp Pro Asn Cys Ser Cys Ala Ala Ala Gly Val Ser Cys Thr Cys
1 5 10 15

Ala Ser Ser Cys Lys
20

<210> SEQ ID NO 23

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 23

Met Asp Pro Asn Cys Ser Cys Ala Ala Gly Val Ser Cys Thr Cys Ala
1 5 10 15

Ser Ser Cys Lys
20

<210> SEQ ID NO 24

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 24

Met Asp Pro Asn Cys Ser Cys Glu Ala Gly Gly Ser Cys Ala Cys Ala
1 5 10 15

Gly Ser Cys Lys
20

<210> SEQ ID NO 25

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 25

Met Asp Pro Asn Cys Ser Cys Ala Thr Gly Gly Ser Cys Ser Cys Ala
1 5 10 15

Ser Ser Cys Lys
20

<210> SEQ ID NO 26

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 26

Met Asp Pro Asn Cys Ser Cys Thr Thr Gly Val Ser Cys Ala Cys Thr
1 5 10 15

Gly Ser Cys Lys
20

<210> SEQ ID NO 27

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 27

Met Asp Pro Asn Cys Ser Cys Ser Pro Val Gly Ser Cys Ala Cys Ala
1 5 10 15
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Gly Ser Cys Lys
20

<210> SEQ ID NO 28

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 28

Met Asp Pro Asn Cys Ser Cys Ala Ala Gly Asp Ser Cys Thr Cys Ala
1 5 10 15

Gly Ser Cys Lys
20

<210> SEQ ID NO 29

<211> LENGTH: 21

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 29

Met Asp Pro Glu Thr Cys Pro Cys Pro Ser Gly Gly Ser Cys Thr Cys
1 5 10 15

Ala Asp Ser Cys Lys
20

<210> SEQ ID NO 30

<211> LENGTH: 61

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 30

Met Asp Pro Asn Cys Ser Cys Ala Thr Gly Gly Ser Cys Thr Cys Thr
1 5 10 15

Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30

Cys Cys Ser Cys Cys Pro Met Ser Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45

Ile Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60

<210> SEQ ID NO 31

<211> LENGTH: 61

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 31

Met Asp Pro Asn Cys Ser Cys Ala Thr Gly Gly Ser Cys Ser Cys Ala
1 5 10 15

Ser Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30

Cys Cys Ser Cys Cys Pro Met Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45

Val Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60

<210> SEQ ID NO 32

<211> LENGTH: 61

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 32



57

US 9,470,693 B2

58

-continued
Met Asp Pro Asn Cys Ser Cys Ala Thr Gly Gly Ser Cys Thr Cys Ala
1 5 10 15
Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Val Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 33
<211> LENGTH: 62
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 33
Met Asp Pro Asn Cys Ser Cys Ala Ala Ala Gly Val Ser Cys Thr Cys
1 5 10 15
Ala Ser Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys
20 25 30
Ser Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly
35 40 45
Cys Ile Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 34
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 34
Met Asp Pro Asn Cys Ser Cys Ala Ala Gly Val Ser Cys Thr Cys Ala
1 5 10 15
Ser Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Ile Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 35
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 35
Met Asp Pro Asn Cys Ser Cys Ala Ala Gly Val Ser Cys Thr Cys Ala
1 5 10 15
Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ser Lys Cys Ala Gln Gly Cys
35 40 45
Val Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Asp
50 55 60

<210> SEQ ID NO 36

<211> LENGTH: 61

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 36
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Met Asp Pro Asn Cys Ser Cys Ala Ala Gly Asp Ser Cys Thr Cys Ala
1 5 10 15
Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Ile Cys Lys Gly Ala Ser Asp Lys Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 37
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 37
Met Asp Pro Asn Cys Ser Cys Glu Ala Gly Gly Ser Cys Ala Cys Ala
1 5 10 15
Gly Ser Cys Lys Cys Lys Lys Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Leu Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Ile Cys Lys Gly Ala Ser Glu Lys Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 38
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 38
Met Asp Pro Asn Cys Ser Cys Ser Pro Val Gly Ser Cys Ala Cys Ala
1 5 10 15
Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Ile Cys Lys Gly Thr Ser Asp Lys Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 39
<211> LENGTH: 61
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 39
Met Asp Pro Asn Cys Ser Cys Thr Thr Gly Gly Ser Cys Ala Cys Ala
1 5 10 15
Gly Ser Cys Lys Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Cys
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala Gln Gly Cys
35 40 45
Val Cys Lys Gly Ser Ser Glu Lys Cys Arg Cys Cys Ala
50 55 60

<210> SEQ ID NO 40

<211> LENGTH: 61

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens
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<400> SEQUENCE: 40
Met Asp Pro Asn Cys Ser Cys Thr Thr Gly Val Ser Cys Ala Cys Thr
1 5 10 15
Gly Ser Cys Thr Cys Lys Glu Cys Lys Cys Thr Ser Cys Lys Lys Ser
20 25 30
Cys Cys Ser Cys Cys Pro Val Gly Cys Ala Lys Cys Ala His Gly Cys
35 40 45
Val Cys Lys Gly Thr Leu Glu Asn Cys Ser Cys Cys Ala
50 55 60
<210> SEQ ID NO 41
<211> LENGTH: 68
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 41
Met Asp Pro Glu Thr Cys Pro Cys Pro Ser Gly Gly Ser Cys Thr Cys
1 5 10 15
Ala Asp Ser Cys Lys Cys Glu Gly Cys Lys Cys Thr Ser Cys Lys Lys
20 25 30
Ser Cys Cys Ser Cys Cys Pro Ala Glu Cys Glu Lys Cys Ala Lys Asp
35 40 45
Cys Val Cys Lys Gly Gly Glu Ala Ala Glu Ala Glu Ala Glu Lys Cys
50 55 60
Ser Cys Cys Gln
65
<210> SEQ ID NO 42
<211> LENGTH: 62
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 42
Met Asp Pro Arg Glu Cys Val Cys Met Ser Gly Gly Ile Cys Met Cys
1 5 10 15
Gly Asp Asn Cys Lys Cys Thr Thr Cys Asn Cys Lys Thr Tyr Trp Lys
20 25 30
Ser Cys Cys Pro Cys Cys Pro Pro Gly Cys Ala Lys Cys Ala Arg Gly
35 40 45
Cys Ile Cys Lys Gly Gly Ser Asp Lys Cys Ser Cys Cys Pro
50 55 60
What is claimed is: 50 reducing methionine sulfoxides in the metallothionein

1. A method comprising:

isolating total protein from a biological test sample;

reducing proteins in the isolated total protein;

alkylating proteins in the isolated total protein with an

alkylating agent to generate alkylated proteins;

cleaving the alkylated proteins to generate alkylated pep-

tides;

55

mixing the alkylated peptides with a known amount of

labeled standard metallothionein peptide to generate a
peptide mixture;

separating labeled standard metallothionein peptide and
metallothionein isomer peptides from the peptide mix-
ture by methods comprising weak retention on strong
cation exchange (SCX) chromatography to generate a
metallothionein peptide-containing fraction;

65

peptide-containing fraction to generate reduced pep-
tides;

separating the reduced peptides from impurities by
reversed phase high pressure liquid chromatography
(HPLC); and

quantifying an amount of a metallothionein isomer pep-
tide in the test sample by determining the quantity of
metallothionein isomer peptide(s) in the sample rela-
tive to the known amount of labeled standard metallo-
thionein peptide using mass spectroscopy,

wherein the metallothionein isomer peptide is an N-ter-
minal peptide from cleavage of a metallothionein pro-
tein isomer selected from the group consisting of
metallothionein-1A, metallothionein-1B, metallothion-
ein-1E, metallothionein-1F, metallothionein-1G1, met-
allothionein-1G2, metallothionein-1H, metallothion-
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ein-1L, metallothionein-1M, metallothionein-1X,
metallothionein-2, metallothionein-3, and metallothio-
nein-4.

2. The method of claim 1, wherein the test sample is a
tissue sample, cell sample, biological fluid sample, tissue
biopsy, cultured cell sample, fixed tissue sample, fixed cell
sample, or a combination thereof.

3. The method of claim 1, wherein proteins in the test
sample are denatured before reducing proteins in the total
protein.

4. The method of claim 1, wherein the labeled standard
peptide has a shift in mass of the metallothionein isomer
peptide by 1 to 10 daltons per cysteine.

5. The method of claim 1, wherein the labeled alkylating
agent comprises a stable isotope selected from the group
consisting of *C, **N, and deuterium.

6. The method of claim 1, wherein the metallothionein
isomer peptide has a sequence selected from any of SEQ ID
NO:18-29.

7. The method of claim 1, wherein quantifying the amount
of a metallothionein isomer peptide in a test sample com-
prises comparing the metallothionein isomer peptide mass
spectrum peak height or size with the labeled standard
peptide peak height or size.

8. The method of claim 1, further comprising subjecting
a control sample to each step performed on the test sample.

9. The method of claim 1, wherein the amount of more
than one metallothionein isomer peptide is quantified.

10. A method comprising:

a. alkylating peptide cysteine residues in a test mixture of
peptides with an alkylating agent, after reduction of the
peptides’ disulfide bonds and/or the peptides’ oxidized
sulthydryls, to generate alkylated metallothionein iso-
meric peptides in a mixture of alkylated peptides;

b. enriching the alkylated metallothionein isomeric pep-
tides in the alkylated mixture of peptides by removal of
undesired peptides to generate an enriched pool of
alkylated metallothionein isomeric peptides;

c. quantifying one or more alkylated metallothionein
isomeric peptides in the enriched pool of metallothio-
nein isomer peptides by mass spectrometric determi-
nation;
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wherein the one or more alkylated metallothionein iso-
meric peptides is selected from any of SEQ ID NO:18-
29.

11. A method comprising:

a. mass spectroscopy quantification of one or more met-
allothionein isomeric peptides in a test sample obtained
from a subject, to determine a quantified amount of at
least one metallothionein protein isomer in the test
sample;

b. comparing the quantified amount of at least one met-
allothionein protein isomer to a healthy control amount
of that type of metallothionein protein isomer to deter-
mine whether the subject has a cancer disease;

wherein each of the one or more metallothionein isomeric
peptides is selected from any of SEQ ID NO:18-29.

12. The method of claim 1, further comprising treating a
disease when the detected quantified amount of metalloth-
ionein protein isomer is significantly different from a healthy
control amount of that type of metallothionein protein
isomer.

13. The method of claim 12, wherein the disease is cancer
or heavy metal poisoning.

14. The method of claim 1, further comprising treating a
disease selected from the group consisting of breast cancer,
colon cancer, lung cancer, prostate cancer, ovarian cancer,
bladder cancer, ductal carcinoma, nasopharyngeal carci-
noma, colorectal cancer, thyroid carcinoma, hepatocellular
carcinoma, leukemia, lymphoma, melanoma, fibrosarcoma,
neuroblastoma, autoimmune deficiency syndrome-associ-
ated Kaposi’s sarcoma, adrenal cortex cancer, pheochromo-
cytoma, cervical cancer, endometrial cancer, esophageal
cancer, liver cancer, pancreatic cancer, prostate cancer, thy-
mus cancer, chronic lymphocytic leukemia, Ewing’s sar-
coma, gestational trophoblastic tumor, hepatoblastoma, mul-
tiple myeloma, non-small cell lung cancer, retinoblastoma,
bone cancer, or a combination thereof.

15. The method of claim 1, which can identify and
quantify as little as 0.05 ng to 2 ng metallothionein protein
isomer per ug total protein in the test sample.
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